THE KIDNEY 

Structure and Function in Health and Disease 



To colleagues among 
the anatomists, biochemists, 
physiologists, pathologists, and physicians 
who have made this volume possible 


Frontis Kodachrome microphotographs of two afferent arterioles from a pre- 
sumpti\ely normal human kidney (electrocuted male, age 24), fixed with Zen 
Ler’s fluid, washed in 10 per cent formalin, imbedded m paraffin, and stained 
with azancarmine 

In the upper photograph the arteriolar tissue is extended to the right over the 
glomerulus (polkissen) and separates the glomerular capsule from the mterca 
fated segment of the distal tubule ( macula densa), which is easily identified by 
the concentration of nuclei at 5 o’clock 

In the low er photograph the polktssen tissue is shown as a more evident exten 
sion of the arteriolar wall At the extreme right the arteriolar cells are typically 
small and fibnllated but become larger and clearer as the glomerulus is ap¬ 
proached The arteriolar media is rarely more than one cell thick until the 
polktssen is reached The macula densa is not present m this section, it lies par 
allel with the artenole at a lower level and in the plane of the section One or 
more large cells frequently occupy the angle of the artenole and capsule The 
acidophilic, ‘secretory’ granules, which are frequently observable in these large 
cells in the mouse and cat, are rarely, if ever, observed in the dog and man 

The brush border of the proximal tubules is visible as a hazy band (Prepara 
tion of Dr Irving Graef) 
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PREFACE 


Many years ago Claude Bernard* (1878) pointed out that the 
higher animals ‘have really two environments a mtlteu exterieur in 
which the organism is situated, and a milieu mteneur in which the 
tissue elements live The living organism does not really exist in the 
milieu exterieur (the atmosphere if it breathes, salt or fresh water 
if that is its element) but in the liquid milieu mteneur formed by the 
circulating organic liquid which surrounds and bathes all the tissue 
elements, this is the lymph or plasma The milieu mteneur sur¬ 
rounding the organs, the tissues and their elements never vanes, 
atmospheric changes cannot penetrate beyond it and it is therefore 
true to say that the physical conditions of environment are unchang 
ing in a higher animal each one is surrounded by this invariable 
milieu which is, as it were, an atmosphere proper to itself in an ever 
changing cosmic environment Here we have an organism which has 
enclosed" itseft in a land ot hothouse Hie perpetual changes of ex 
ternal conditions cannot reach it, it is not subject to them, but is free 
and independent All the vital mechanisms, however varied they 
may be, have only one object, that of preserving constant the condi¬ 
tions of life in the internal environment ’ 

Though Bernard arrived at his view of the constancy of the in¬ 
ternal environment from relatively few facts, investigations since his 
time have repeatedly confirmed and broadened the application of his 
principle Cannon,” 8 in his study of the autonomic nervous system, 
was led to extend Bernard’s principle by recognizing that the con 

♦The contributions of Claude Bernard (1813 78) to physiology were many 
and varied and entitle him to a place of high honor in the history of this ‘ctence 
Among his discoveries were the vasomotor nerves, glycogen and the nervous 
control of glycogen storage in the liver, carbon monoxide hemoglobin, and the 
action of curare in blocking nerve impulses His concept of the constancy of 
the internal environment was however, perhaps his greatest contribution Hal 
dane has said, ‘No more pregnant sentence was ever framed by a physiologist.’ 
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stancy of the internal environment, which he designated as a homeo 
static state, is in itself evidence that physiological agencies are acting, 
or ready to act, to maintain this constancy These physiological agen 
aes are themselves excited to action by some slight de\iation of the 
homeostatic state Thus in Cannon’s view the compensation, direct 
or indirect, is itself automatically elicited b\ the environmental 
change The term ‘constancy’ is, of course, used to signify ‘limited 
variability ’ Incidental or cyclical variations in the composition of the 
body fluids do occur, and m fact such variations play an important 
role as activating factors in the organism, but on the whole these 
variations are of a small order of magnitude because of the organ¬ 
ism’s regulatory powers 

The principles formulated by Bernard and Cannon are especially 
pertinent to the problem of renal function In all the higher animals 
the plasma has indeed a remarkably constant composition, not only 
from individual to individual but among distantly related group* 
This constancv is in large part a consequence of the activitv of the 
kidneys, which under all conditions excrete a urine of such compost 
tion as to offset any tendenev toward deviation in the composition 
of the plasma In the last analysis, composition of the plasma is 
determined not by what the body ingests but by what the kidneys 
retain and what thev excrete It may fairly be said that this regula 
ton function, so long ov erlookcd, is just as important as the excre¬ 
tion of the waste products of metabolism or of foreign substances, 
which hitherto has receiv ed nearly all the emphasis 

In the long view of the matter, the writer belicv e$ that regulatory 
and excretory operations receive about equal emphasis m this book, 
though it may seem at first glance that disproportionate emphas s is 
placed on some rather highly specialized problems It may also seem 
that too little emphasis is placed on detailed renal pathology But a 
writer <o close to his subject admittedly cannot always see the woods 
for the trees, and it may be pleaded that there are good historical 
reasons for these abemmaes 

The study of tubular excretion began with phenol red and was 
earned on by means of other foreign substances (diodrast, p ammo- 
hippunc aad) because of the analytic and methodologic limitations 
which then and still restnet the pursuit of quantitativ e renal physiol 
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ogy These studies led, however, to reliable methods for the meas¬ 
urement of the renal blood flow There may be no such thing as a 
‘functional lesion’ (as opposed to a visible one), but functional im¬ 
balance in the renal tubules can lead to serious disturbances of salt 
and^vater balance in Addison’s disease or chronic congestive heart 
failure- Current methods of study of renal function may be too elab¬ 
orate for general clinical application, but no method is to be disdained 
if it can aid significantly m deciding the issue betw een life and death 
We can only hope that the information already gained has proved 
sufficiently useful to allay the concern, expressed by Addis, 14 Drury 
(in Festschrift for Thomas Addts)™ and others, that renal physi 
ologists have abandoned the sick in order to pursue complicated and 
specious theorems in ivory towers, or have overlooked the fact, so 
pertinently emphasized by Oliver (also in the Festschrift for Thomas 
Addts)f m that in this molecular world, structure always underlies 
function 


May 1950 
New York 
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THEORIES OF RENAL FUNCTION 


It was first suggested by Ludwig in 1844 that urine formation begins 
with a passive process of filtration of a protein free fluid in the 
glomeruli, effected by the hydrostatic pressure of the blood This 
supposition is strongly supported by the structure of the glomerulus 
itself The membranes to be traversed (the endothelial capillary 
walls, the basement membrane, and the visceral layer of capsular 
epithelium) seem too thin and structureless for specific activity In 
this view the filtrate, essentially identical in composition with the 
plasma except for the absence of protein, must undergo its final elab¬ 
oration into unne during its passage down the tubules 

But when we consider the function of the tubules, this concept of 
filtration is no longer adequate The tubule m its entire length is 
supplied by blood that, having been through the capillary tuft of the 
glomeruli, has lost a great part of its pressure and, therefore, the 
driving force necessary to effect filtration, especially against the 
osmotic pressure of the plasma proteins Moreover, except in the thin 
limb of the loop of Henle, the cells of the tubule are high cuboidal 
cells of a nature that argues not only against filtration, but also against 
the easy diffusion of solutes Their structure suggests that they are 
capable of carrying out complex chemical operations analogous to 
those performed by glandular cells m other organs, as well as of 
establishing and maintaining considerable differences in composition 
between the peritubular fluid and the tubular unne Three major 
operations with respect to unne formation might be earned out b) 
these tubule cells 

1 They might absorb substances from the glomerular filtrate and 
return them to the pentubular fluid (tubular reabsorption of glucose, 
etc ) 

2 They might remove substances from the pentubular fluid and 
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discharge them into the tubular unne (tubular excretion * of phenol 
red, diodrast, etc.) 

3 The) might elaborate new substances that could be discharged 
into the tubular fluid (tubular secretion) 

The problem, then, is this to what extent does filtration, tubular 
reabsorption, tubular excretion, or chemical transformation enter into 
the conservation or excretion of an) particular substance" The diffi 
cuities in answering this question are obvious, for even where we are 
certain that a mbstance is not s) nthesized by the fcidne) (i e phenol 
red), all three processes, filtration, reabsorption, and tubular excre 
tion, maj possibly be involved, with the relative participation of each 
entirely unknown It would be possible to erect an elaborate theory 
to explain the formation of urine in terms of filtration plus reabsorp 
tion, or filtration plus realrorption plus tubular excretion, without 
being able to prove its validity at any point. And two investigators, 
viewing the «ame evidence, might disagree emphatically about the 
interpretation of the evidence. Such, m fact, was the history of the 
ones of renal function until quite recent years 

Bowman (1832), in the class cal paper in which he described the 
true relation of the glomerulus to the tubule, suggested on purch 
morphologic grounds that the former excreted only water and «alts, 

* The term ‘secretion’ was long used in renal phr* ologv as wnonymons with 
over all excretion hot in recent pears it has come into more resmet-d c.e to 
deno e tubula- excretion in particular essentially as defined above In Cn hnvs 
dap the wo'd *ecretion mil earned the implication of ‘viul zetintp ’ In attempt 
mg to give a definition of ecretion a* it is currently used by non vitah tic phvs 
ologtsts, perhaps it is ben to describe it as the t.an'portation of a mbstance fro - " 
a low concentration to a h gh concentration under such conditions tha wort 
must be performed. In the case of th- reral tubule* the energv for thi* work is 
mpplied locally by the metaboli«m of the tubule cells. But, even *0, no funda 
mental di uneven is involved, for wort must al*o be performed in glomendar 
filtration (in the form of increasing the onnotic concentration o e the plasma pro¬ 
teins) only m this imunce the energy i« mpplied by the metaboltnn of the heart 
and is transmitted to the kidney by the b’ood Although we are snll ignorant o f 
how energv is made available or utilized in tubular excretion (such *T”dies are 
just beginning) th're is in our concept of it ro implication of Titalmn, and the 
term *ccretion, «tripped of its older ambiguity, may *erve as a convenient *vno- 
nym for it. Howeve. since it means nothing more than tubular excretion, we 
hate preferred the latter expression, reserving secretion for mch local metabo’i 
operations as the formation of ammonia 
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the other components of the urine (urea, uric add, etc.) being ex¬ 
creted by the tubules. Two years later Ludwig advanced a more defi¬ 
nite formulation which, as subsequently elaborated by himself and 
his students, consisted essentially of a simple physical or mechanical 
theory. He suggested that a protein-free filtrate was pressed out of 
the glomerular capillaries by the hydrostatic pressure of the blood, 
and that this fluid was subsequently concentrated in the tubules by 
the diffusion of water and various solutes. The activity of the tubules, 
he believed, could be explained simply in terms of the relative osmotic 
pressure and protein content of the tubular urine and peritubular 
blood. 

In 1874 Heidenham modified the original Bowman theory by 
positing that the glomeruli ‘secreted’ water and salts, this glomerular 
secretion being enriched with various additional salts, waste products, 
and foreign substances by the specific activity of the tubule cells. In 
Heidenhain’s view the tubular epithelium was charged with the 
major responsibility of removing from the blood most of the solids 
that appear in the urine and a certain amount of the water as well, in 
accordance with the needs of the body at the moment. The protago¬ 
nists of the Ludwig theory had performed numerous experiments 
indicating that the rate of urine formation paralleled the blood pres¬ 
sure} in rebuttal, Heidenham asserted that it was not blood pressure 
but the rate of blood flow that was important; he adduced evidence 
that the tubules could at least excrete certain dyes quite independently 
of the glomeruli, and he argued that the filtration theory required 
an incredible quantity of filtrate to be formed to account for the 
known excretion of urea. For many years the two points of view re¬ 
mained irreconcilable. Ludwig’s theory, although physiologically in¬ 
adequate, had the advantage of physical simplicity; Heidenhain’s 
theory, although physiologically adequate, demanded great discrim¬ 
ination on the part of the tubule cells and appeared to invoke some 
‘vital’ force to propel water, waste products, etc., through the tubule 
cells and into the lumen. ‘Vitalism’ was fast being driven out of 
respiration, digestion, and other physiological phenomena, and the 
‘intelligence’ of the tubule cells, implicit in Heidenhain’s theory', 
seemed to give ‘vital’ forces a fresh lease. The choice of theory in this 
matter was influenced nearly as much by the individual investigator’s 
bias on this philosophical question as by the experimental evidence. 
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During the next fifty jears the respective natures of glomerular 
and tubular activity were debated back and forth, with no conclusive 
evidence to settle the argument One opinion did come to be widelj 
held namely, that unne formation begins with the simple uitrafiltra 
tion of plasma in the glomeruli But on the fate of this filtrate m the 
tubules and on the relative importance of tubular reabsorption and 
tubular excretion, there was little agreement, for the evidence seemed 
full of unintelligible contradictions 

When Cushny wrote his well known monograph, The Secretion of 
Unne , in 1917, he stated in his prefator) letter to Starling 

It 1$ often comphined that the physiology of the kidney given in textbooks 
is made up of a wrangle between the mo great slews of its activity I have 
not avoided the controversy, but I have at any rate given the ascertained facts 
apart from the dtscu non, so that they at least may remain, whatever theory of 
kidney activity may survive The different views are presented, and one is advo¬ 
cated which differs m some respects from any that has been accepted hitherto, 
and which embraces some of the features of each of its precursors Since it has 
been developed gradually from the work of many, it would not be fair to attach 
to it the name of any one investigator, and I hare therefore ailed it 'the modem 
view , If it «erves as an advanced post from which others may issue against 

the remaining ramparts of vitali«m, its purpose will be attained 

You will probably complain that innead of presenting the facts and following 
them to the theoretical principle to which they point, 1 have just «tated the 
theory and then discussed how far each *et of observations can be brought into 
accord with it The facts are «o multitudinous that unless the student were 
first given some general scheme on which he could arrange them he would be 
lost in detail and might fail to appreciate where the path was leading 

When the second edition of Cushny’s monograph appeared in 1926 
the issue of 'vitalism' was dead, but the ‘w rangle’ concerning the role 
of tubular excretion was not The processes that had once savored <0 
strongly of ‘vital’ activity were still warmly defended on quite 
mechanistic grounds by many investigators But in the interim 
Cushny’s ‘modern theory’ had accomplished the chief thing the 
author had desired for it it had served to guide investigators so that 
they could ask intelligent questions about the kidney and hope for 
intelligible answers, which is, of course, the chief function of an) 
theory 
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A brief review of Cushny’s theory will serve to introduce the stu¬ 
dent to the more recent investigations in this field Cushny supposed, 
as had Ludwig in 1844, that the initial step in unne formation is the 
separation in the glomerulus of a fluid essentially identical in com¬ 
position with plasma except for the absence of the plasma proteins, 
to which the capillaries of the glomerular tuft were presumed to be 
impermeable This capsular fluid is formed at the expense of the 
hydrostatic pressure of the blood, and hence the source of energy for 
its formation is ultimately the heart The chief endothermic reaction 
issues from the fact that the plasma proteins must be concentrated 
osmotically when protein free capsular fluid is separated from the 
plasma The capsular fluid is supposed to contain all the filterable 
constituents of the plasma (sodium, potassium, chloride, sulphate, 
urea, amino acids, glucose, etc ), in the same concentration per unit 
volume of water * as these are present in the plasma, except for such 
inequalities in the distribution of 10ns as might arise from the presence 
of non filterable proteins (Donnan effect) Just which molecules pass 
into the filtrate and which do not must remain a matter of speculation 
until the porosity or permeability of the glomerular tuft is actually 
measured But that the great majority of plasma solutes pass through 
the glomerulus must be accepted on the grounds that, if they did not, 
the total osmotic pressure, by tending to draw water back into the 
capillaries from the capsular space, would oppose and effectively pre 
vent the process of filtration itself 

It follows in principle that such substances as are present in the 
plasma but absent from the unne must be reabsorbed by the tubules 
as the glomerular filtrate passes along them on its way to the bladder 
It must also be supposed that a large part of the water present in the 
filtrate is also reabsorbed by the tubules, since certain w aste products, 
such as creatinine, urea, etc, may be present in the unne in many 
times the concentration that they are present in the plasma and there 
fore in the capsular fluid Cushny, den)ing the role of tubular ex¬ 
cretion, supposed that this increased concentration is effected only 
by the reabsorption of water In view of the fact that different sub¬ 
stances are concentrated to a different extent, it was supposed that 

♦The solutes in the filtrate would be more concentrated per unit volume of 
solution, in consequence of the abstraction of the plasma proteins, which occupj 
from 5 to 7 per cent of the plasma volume 
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some or all of these substances are reabsorbed by the tubules in 
varying degrees Substances which need to be convened by the organ¬ 
ism, such as sugar, amino acids, chionde, etc., are perhaps reabsorbed 
complete!) or nearly so, while some waste products, such as creatinine, 
are possibl) not reabsorbed at all Cushn) believed that substances m 
the first group arc complete!) reabsorbed so Jong as the plasma con¬ 
centration is below a certain critical or threshold level, and therefore 
he called these ‘threshold* substances, a term first used b) Bernard 
in describing the excretion of glucose Warte products, such as creati 
nine, are rejected by the tubules independent!) of their plasma level, 
and these he called ‘no-thrcshold’ substances 
At firrt sight, the process whereb) water and the many threshold 
substances that pass into the glomerular filtrate are reabsorbed ap¬ 
pears to be extraordmanl) complex, but Cushn) attempted to resolve 
this complcxit) b) a simplif)ing assumption name!), that what is 
actual)) reabsorbed b) the tubules is a fluid of constant composition, 
a perfected ‘Locke’s solution* or protein free plasma The tubule 
cells arc so constructed, he supposed, that they draw from the glo¬ 
merular filtrate optimal quantities of a fluid having an optimal com 
position and return this fluid to the plasma, thus maintaining the 
optimal composition of the latter Everything left behind in the 
tubular urine after the removal of this optimal fluid passes into the 
collecting ducts as the final urine ‘The formation of the glomerular 
filtrate is due to a blind ph>sical force, the absorption in the tubules 
is equall) independent of an) discrimination, for the fluid absorbed 
is always the same, whatever the needs of the organism at the mo¬ 
ment * 

It is open to question whether or not the hypothesis of the reab- 
corption of a fluid of optimal composition is rcallj a simplification 
In order that the tubules ma> reabsorb a fluid of optimal composition 
containing a large number of chemical substances m different con¬ 
centrations, there would seemingly be required just as elaborate a 
physical-chemical apparatus as there would for the tubules to re¬ 
absorb each of these constituents separately and independently And 
a preferential choice between tubular reabsorption and tubular excre¬ 
tion of particular chemical entities can scarcely be based on physical- 
chemical grounds, for this would appear to be merel) a matter of the 
physiological orientation of the cell So the advantage of this part of 
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Cushny’s theory is slight In principle, however, the theory as a 
whole was very attractive to most investigators because it treated 
the kidney as an organ of fixed and predictable function, like muscle 
and nerve But where this forthright, mechanistic interpretation was 
the strength of the theory, its weakness lay m oversimplification, 
which was achieved by the a priori exclusion of tubular excretion 
True, there was no incontrovertible proof of the existence of this 
process, but neither was there any incontrovertible proof of the 
existence of either filtration or reabsorption Every fact known about 
the kidney could have been explained in at least two wajs The ex¬ 
clusion of tubular excretion was based m no small measure on the 
belief that such a process must readmit ‘vitalism,’ with its uncon 
trolled and inexplicable forces, into the domain of renal physiology 
In retrospect we see that this fear was quite unjustified Tubular ex 
cretion, viewed as a consequence of the physical chemical organization 
of the tubule cells, can be looked upon as being as mechanistic as 
filtration itself In fact, in the absence of any knowledge how the 
tubules could reabsorb the ‘optimal* fluid, Cushny was forced to 
ascnbe this process to ‘vital activity,’ even though this activity was 
reduced to attractively constant and definable proportions 

So, while ph) siologists were generally prepared to accept glomeru¬ 
lar filtration and tubular reabsorption, at least in principle, they 
remained divided on the issue of tubular excretion The ‘wrangle’ of 
disagreement, which Cushny had justly deplored, was little abated 
until recent years, when Richards and his collaborators demonstrated 
beyond question the existence of glomerular filtration and tubular 
reabsorption, and Marshall and his collaborators demonstrated the 
existence of tubular excretion, thus showing that both schools were 
right Our current knowledge of renal physiology demonstrates that, 
though glomerular filtration pla)s an important part in unne forma¬ 
tion, this process is supplemented by tubular excretion as well as 
tubular reabsorption in all animals, including man Cushny’s idea of 
the reabsorption of an ‘ideal fluid’ of constant composition has been 
confounded b) the discover) that the rcabsorption of water, glucose, 
sodium, phosphate, ammo acids, Mtamins, and many other substances 
are more or less independent processes, in man) cases possessing 
specific quantitative limitations, and that in addition considerable 
quantities of waste products, such as urea, unc and, and sulphate, 
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some or all of these substances are reabsorbed by the tubules in 
varying degrees. Substances which need to be conserved by the organ¬ 
ism, such as sugar, amino adds, chlonde, etc., are perhaps reabsorbed 
completely or nearly so, while some waste products, such as creatinine, 
are possibly not reabsorbed at all. Cushny believed that substances in 
the first group are completely reabsorbed so long as the plasma con¬ 
centration is below a certain critical or threshold level, and therefore 
he called these ‘threshold 1 substances, a term first used by Bernard 
in describing the excretion of glucose. Waste products, such as creati¬ 
nine, are rejected by the tubules independently of their plasma level, 
and these he called ‘no-threshold’ substances. 

At first sight, the process whereby water and the many threshold 
substances that pass into the glomerular filtrate are reabsorbed ap¬ 
pears to be extraordinarily complex, but Cushny attempted to resolve 
this complexity by a simplifying assumption namely, that what is 
actually reab<orbed by the tubules is a fluid of constant composition, 
a perfected ‘Locke’s solution’ or protein-free plasma. The tubule 
cells are so constructed, he supposed, that they draw from the glo¬ 
merular filtrate optimal quantities of a fluid hating an optimal com¬ 
position and return this fluid to the plasma, thus maintaining the 
optimal composition of the latter. Everything left behind in the 
tubular unne after the removal of this optimal fluid passes into the 
collecting ducts as the final urine ‘The formation of the glomerular 
filtrate is due to a blind physical force, the absorption in the tubules 
is equally independent of any discrimination, for the fluid absorbed 
is always the same, whatever the needs of the organism at the mo¬ 
ment.’ 

It is open to question whether or not the hypothesis of the reab- 
sorption of a fluid of optimal composition is really a simplification. 
In order that the tubules may reabsorb a fluid of optimal composition 
containing a large number of chemical substances in different con¬ 
centrations, there would seemingly be required just as elaborate a 
physical-chemical apparatus as there would for the tubules to re¬ 
absorb each of these constituents separately and independently. And 
a preferential choice between tubular reabsorption and tubular excre¬ 
tion of particular chemical entities can scarcely be based on physical- 
chemical grounds, for this would appear to be merely a matter of the 
physiological orientation of the cell. So the advantage of this part of 
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Cushny’s theory is slight In principle, however, the theory as a 
whole was very attractive to most investigators because it treated 
the kidney as an organ of fixed and predictable function, like muscle 
and nerve But where this forthright, mechanistic interpretation was 
the strength of the theory, its weakness lay in oversimplification, 
which was achieved by the a frtort exclusion of tubular excretion 
True, there was no incontrovertible proof of the existence of this 
process, but neither was there any incontrovertible proof of the 
existence of either filtration or reabsorption Every fact known about 
the kidney could have been explained in at least two ways The ex¬ 
clusion of tubular excretion was based in no small measure on the 
belief that such a process must readmit ‘vitalism,’ with its uncon¬ 
trolled and inexplicable forces, into the domain of renal physiology 
In retrospect we see that this fear was quite unjustified Tubular ex 
cretion, viewed as a consequence of the physical chemical organization 
of the tubule cells, can be looked upon as being as mechanistic as 
filtration itself In fact, in the absence of any knowledge how the 
tubules could reabsorb the ‘optimal’ fluid, Cushny was forced to 
ascribe this process to ‘vital activity,’ even though this activity was 
reduced to attractively constant and definable proportions 
So, while physiologists were generally prepared to accept glomeru 
lar filtration and tubular reabsorption, at least in principle, they 
remained divided on the issue of tubular excretion The ‘wrangle’ of 
disagreement, which Cushny had justly deplored, was little abated 
until recent years, when Richards and his collaborators demonstrated 
beyond question the existence of glomerular filtration and tubular 
reabsorption, and Marshall and his collaborators demonstrated the 
existence of tubular excretion, thus showing that both schools were 
right Our current knowledge of renal physiology demonstrates that, 
though glomerular filtration plays an important part in urine forma¬ 
tion, this process is supplemented by tubular excretion as well as 
tubular reabsorption in all animals, including man Cushny’s idea of 
the reabsorption of an ‘ideal fluid’ of constant composition has been 
confounded by the discovery that the rcabsorption of water, glucose, 
sodium, phosphate, amino acids, vitamins, and many other substances 
are more or less independent processes, m many cases possessing 
specific quantitative limitations, and that in addition considerable 
quantities of waste products, such as urea, unc acid, and sulphate, 



XXII 


THEORIES OF RENAL FUNCTION 


are normally reabsorbed as welL Thus the simplification Cushny 
strove to achieve by the reabsorption of an ideal fluid has momentarily 
been lost. 

It is not inappropriate to point to the history of renal physiology 
as typical of the history of science, and particularly of the history of 
medicine. It has been a history of rival theories, each based upon 
inconclusive evidence. Its errors have been compounded by over¬ 
simplification m the matter of theory and underexaminadon in the 
matter of critical investigation. Renal phj siology has now passed into 
a quantitative phase where unsupported speculation and empirical 
description are no longer warranted. 



Part I 




NOTE 


The following symbols are frequently used throughout this booh: 

C = plasma clearance (UV/P) of any substance, the nature 
of which is indicated by an appropriate suffix, viz: Civ> 
Ccn, etc. 

Cp = filtration rate (or clearance), whether measured with in- 
ulin or (in the dog) with creatinine or any other suitable 
substance. 

Since all clearances are expressed in cc/min., the time unit has 
generally been omitted. 

T *= rate of tubular transport, whether reabsorptive or ex¬ 
cretory ; 

Tm = maximal rate of tubular transport under conditions of 
saturation; in both instances the nature of the substrate 
is indicated by an appropriate suffix, viz: Tq, Tmo, Td, 
Tm D , etc 

FF = filtration fraction (uncorrected for E), i e. Q\/Cd or 

Ci\/C PAH 

E = extraction ratio. 

Where the total renal plasma flow or renal blood flow is calculated 
by dividing Cd or Cpah by the extraction ratio, it has been desig¬ 
nated as such m order to avoid confusion with uncorrected clear¬ 
ances. The filtration fraction when so corrected is called the true 
filtration fraction. 

Surface area Since all clearances in man are conventionally cor¬ 
rected to the arbitrary value of 1.73 sq. m., this correction is not 
generally stated in the text. 
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The complex function of the kidney in man and other vertebrates 
would suggest that this organ has an extraordinarily complex 
structure. On close examination, however, it is found to be made 
up of a very large number of structurally similar and anatomically 
simple functional units. Each of these units, or nephrons, consists 
of a glomerulus attached to an unbranched tubule, the latter being 
differentiated into three anatomically distinct portions. In each 
human kidney there are about one million nephrons, which drain 
by way of a series of collecting ducts into the renal pelvis and 
thence by the ureter into the bladder. The essential features of a 
typical nephron in the human kidney are illustrated in plates i 
and ii. 

GLOMERULI 

The formation of urine begins in th z glomerulus (Malpighian body), 
which consists of an elaborate and almost spherical tuft of capil¬ 
laries supplied with blood through a short, wide afferent arteriole. 
This capillary tuft is formed by the abrupt division of the afferent 
arteriole into 2 or 4, rarely up to 10, primary branches, which in 
turn subdivide again, at times into as many as 50 capillary loops, 
each loop having a length a or 3 times the diameter of the whole 
tuft. The primary branching of the capillaries near the arteriole 
3 
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tends to give the tuft a lobulated structure There are no shunts 
within the glomerulus and the capillaries do not anastomose with 
each other “ s hut coalesce into an efferent arteriole, which m turn 
breaks up again into a second capillary system {peritubular 
capillaries ) around the tubules 

The relation between glomerulus and tubule can be expressed 
b> sa}ing that the capillar} tuft is thrust into the expanded but 
closed end of the tubule in such a manner that this tuft becomes 
enveloped in a spherical double walled capsule (Bozeman's capsule ) 
derived from the tubule itself, the inner or visceral layer of the 
capsule being closelj applied to the capillary tuft, the outer or 
parietal la>er being expanded into an enveloping thin walled 
sphere The space generated between the visceral and parietal 
lajers of the capsule (capsular space) remains in direct communi¬ 
cation with the lumen of the attached tubule The arrangement is 
such that an> fluid passing through the capillaries and the visceral 
layer of the capsule is collected in the capsular space and thence 
drains down the tubule In man and the dog both the visceral 
and parietal la> ers of the capsule are composed of low or squamous 
epithelium, but in mice and some other mammals both Ja> ers, and 
particular!} the parietal la} er, maj consist of cuboidal cells similar 
in structure to those of the proximal tubule tu In rare instances, 
the proximal tubule raa) extend as an irregular protrusion into 
Bowman s capsule 

In microscopic section, the glomerular capillar} loops appear 
as a tangled skein of v essels of inconstant caliber, and the separate 
membranous la} ers can be full} distinguished only b} refined 
histological techniques The visceral la}er of the capsule is pn 
manl} composed of an opticail} structureless basement mem 
brane, continuous with the basement membrane of the tubule, 
and a ver} thin reticulum of epithelium, which is continuous with 
the tubular epithelium This visceral membrane is attached to 
the arterioles at the root of the glomerular tuft, at some points 
it is closely applied to individual capillaries, while at others it 
envelops capillar} loops that have no basement membrane of 
their own The intercapillar} or ‘axial space contains an infre 
quent third t}pe of cell (neither endothelial nor epithelial), pos- 
sibl} a connective tissue cell, designated b} Zimmerman as the 
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mesangium. There is still some doubt about the fate of these cell 
types in glomerular disease. In acute glomerulonephritis, both the 
capillary and mesangial cells suffer inflammatory changes with 
proliferation and fibrosis, the axial space being invaded by poly¬ 
morphonuclear leukocytes. In eclampsia, apparently only the 
mesangial cells are involved, suffering marked swelling and vacu- 
olation, which give the glomerulus a reticulated appearance. In 
intercapillary glomerulosclerosis, glycoprotein accumulates in the 
axial space, and lipoid accumulates here in lipoid nephrosis. 111 * 

The three primary membranes of the glomerulus—capillary 
endothelium, basement membrane, and capsular epithelium—are 
usually considered continuous, in the sense of having no openings 
or defects. However, some anatomists contend that the visceral 
epithelium is discontinuous, and that the individual epithelial 
cells are highly irregular in shape and exhibit delicate discrete 
processes, which invest the glomerular capillaries in the manner 
of the pericytes that are applied to capillaries elsewhere in the 
body. 11 ® mo If such is the case, the glomerulus may be said to be 
composed of a tuft of capillaries supported only by an extremely 
thin, almost invisible basement membrane. 

The organization of the nephron is best understood in the light 
of embryological development. The capillary tuft and the renal 
tubule develop out of different anlagen and for a time grow 
independently in the embryonic kidney. When the tuft and tubule 
first make connection, the latter is a short S-shaped tube, closed 
at both ends. This short tubule grows by extension in length and 
one end ultimately establishes connection with an outgrowth of a 
collecting duct, while the other end expands and, by invagination, 
develops a concavity on one side into which the capillary tuft 
grows, this tuft ultimately becoming completely enfolded within 
the invaginating tubule wall to form Bowman’s capsule. 

TUBULES 

In the adult mammalian kidney, or metancphros, each tubule,* 
after extensive convolutions near the glomerulus {proximal con¬ 
voluted tubule ), descends in a more or less straight path to a 

*The structure of the mesonephric nephron, which lachs a thin segment, is 
briefly reviewed by Huber. ,M * 
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variable depth in the medulla, where it completes a sharp hairpin 
turn (loop of Henle) and returns upon its course to the glomerulus 
of origin to undergo a second series of convolutions (distal con¬ 
voluted tubule ) and subsequently to join a collecting duct. The 
proximal and distal convoluted segments of a particular tubule are 
closely intertwined about the glomerulus as a result of having 
developed in situ , the embryonic tubule being anchored at both 
ends while the middle portion grows by elongation to form the 
loop of Henle. The complex convolutions of the proximal and 
distal segments result from the tendency of the anchored ends 
of the tubule to elongate locally. The cortex consists of glomeruli, 
the convoluted portions of the proximal and distal segments, and 
the proximal and distal portions of the straight descending and 
ascending limbs of the loop of Henle. The medulla is composed 
of the ascending and descending limbs of these loops plus the 
interposed thin segment, intermixed with collecting ducts. 

The disposition of nephrons into pyramidal lobes is a feature 
apparently related to the size of the kidney, and thus to the size 
of the animal. The limitation set by the maximal length of tubule 
leads to the replacement of one solitary big kidney by a multi¬ 
lobular organ composed in effect of several small ones. In man 
and the dog, this lobulation, which is evident in the adult organ 
only when it is inspected in cross section, results in the formation 
of a variable number of pyramids , each pyramid generally draining 
into the renal pelvis by an independent papilla. In many mam¬ 
mals,* however, the kidney is divided into a number of lobes so 
nearly independent that they are virtually separate kidneys . 19 * 9,2 ® 11 

The tubular portion of the nephron is divisible, on the basis of 
both cytological structure and function, into three segments: f 
(i) the proximal tubule (which includes both the pars convolute 
and the pars recta down to the transition into the thin segment 
of Henle’s loop); (2) the thin segment; and (3) t h e distal tubule 
(which includes the pars recta or the thick, ascending limb of 
Henle’s loop, as well as the pars convoluta). A further subdivision 

* Cow, elephant, hippopotamus, seal, whale, etc. 

f 'Loop of Henle’ is commonly used to include the pars recta of the proximal 
tubule, the thin segment* and tht pars recta of the distal tubule. Since this usage 
leads to confusion in the discussion of function, it has been abandoned here in 
favor of the description given above. 
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of the proximal and distal segments can be made on cytological 
grounds, W1 * ,7S but nothing is known about functional differentia¬ 
tion. 

The proximal segment or tubule has the widest diameter of any 
portion of the nephron and is made up of large cuboidal or trun¬ 
cated pyramidal cells having abundant protoplasm and large, 
basally placed spherical nuclei. The cell boundaries are mostly 
invisible since they are fluted in a plane perpendicular to the 
basement membrane, these flutings being interdigitated with the 
flutings of the adjacent cells. The cytosomes of the cells are 
coarsely granular, and the granules help to obscure the cell 
boundaries. The cells usually bulge into the lumen, giving the 
latter an irregular contour. In all vertebrates, so far as is known, 
the cells of the proximal segment are distinguished by the pres¬ 
ence of brush border on the inner or luminal aspect. In common 
with the cells of the distal segment, they possess at their basal 
margins peculiar, parallel striations perpendicular to the basement 
membrane, these striations being either the mitochondria or the 
spaces between the mitochondria, depending upon the method of 
fixation and staining. The striations become less marked as the 
thin segment is approached. 

At a slightly variable position along the loop of Henle, the thick 
cells of the proximal segment are replaced by the highly atten¬ 
uated cells of the thin segment. This segment is smaller in diameter 
than either the proximal or distal segments and is made up of 
remarkably thin or flattened epithelium with clear protoplasm 
containing a lightly compressed nucleus, which bulges the cell 
wall into the lumen. The length of this segment varies consider¬ 
ably, depending upon the position of the glomerulus to which it 
belongs and upon how far the tubule penetrates into the medulla. 
In the human kidney short loops are about seven times as numer¬ 
ous as long ones, and, in some instances, when the glomeruli are 
located in the outer cortex, the thin segment may be absent 
entirely. Where present, the thin segment may occupy only the 
descending limb of Henle’s loop, or it may extend around the loop 
and for some distance up the ascending limb. This thin segment 
is present only in mammals and in a small percentage of the 
nephrons of birds, and its average length in different mammals 
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varies greatly. It is least developed in the more primitive forms 

In the ascending limb of the loop of Henle the cells are at first 
cuboidal, with indistinct cell boundaries; then as the cortex is 
approached they again become cuboidal to columnar and acquire 
irregular projections into the lumen. The nuclei are spherical or 
slightly oval, and the epithelium is more finely granular than in 
the proximal segment. All portions of the distal segment lack 
brush border but show more or less distinct basal striations. Near 
the glomerulus the tubule undergoes a second series of tortuous 
convolutions from which it emerges to join with its neighbors, the 
tree like system of collecting ducts 

The distal tubule, returning to the neighborhood of the glomeru¬ 
lus, makes tangential contact over an extended region with the 
afferent arteriole.** 4 In this region of contact the tubular epithe¬ 
lium m some species may be modified from the low or cuboidal 
type typical of the distal tubule to a high or even columnar type, 
and in all species the nuclei are closely aligned or densely crowded 
together. Because of this crowding of nuclei, Zimmerman 
called the area of contact the macula densa. This modification of 
cell arrangement and structure, so far as is known, has no func¬ 
tional significance and represents only a reaction to mechanical 
strain where the tubule undergoes fibrous attachment to the 
glomerulus 1550 

Fibroblasts and macrophages occur in considerable numbers 
in the interstitial space, the latter predominantly around the 
thick ascending limb of the loop of Henle, but their functional 
significance is obscure 

POLKISSEN OR JUXTAGLOMERULAR APPARATUS 

In the normal human kidney the afferent arteriole, as it ap¬ 
proaches the glomerulus, shows a numerical increase in the 
number of cells in the media and reticulum representing the 
adventitia. These cells thicken the arteriolar wall and tend to 
form an as> mmetneal cap (polktssen) on one side of the glomeru¬ 
lus. In rodents, and to a much lesser extent in other mammals, 
among these cells there ma) be large epitheloid cells, which are 
nch with brilliant fuchsinophthc granules, but in the dog and man 
the polktssen is typically composed of small, spindle-shaped. 




Plate I Diagram showing the essential features of a typical nephron in the 
human Lidne) 
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agranular and afibrillar cells. A normal human glomerulus is shown 
in the frontispiece, where the structure of a typical afferent ar~ 
•teriole is clearly visible. 

Goormaghtigh has called the modified arteriolar wall and its 
associated extra vascular cells the juxtaglomerular apparatus; he 
believes that it has an important endocrine function, but some 
writers have proposed that this apparatus functions in the control 
of the renal blood flow, in diuresis, etc. Other observers believe, 
however, that, in man and dog at least, the polkissett is only a 
modification of medial cells associated with random, poorly 
differentiated smooth-muscle cells . 571 841 8,4 815,818 817,8:14 835 1098 
Prez 1859 concludes that they are not endocrine cells, but believes 
that they may play a role in the regulation of the renal circula¬ 
tion. Schloss 1782 178S * 1781 1785 finds no relation between the number 
of epitheloid cells in the rat and the blood pressure in Masugi 
nephritis or Goldblatt hypertension, or to diuresis and pituitrin 
antidiuresis, adrenalectomy, hypophysectomy, or avitaminosis A, 
D, or E, and he considers them to be non-functional, degenerate, 
smooth-muscle cells. Oliver 1850 finds no suggestion of an endocrine 
nature for the polkissen cells and thinks that they represent 
structural modifications resulting from mechanical stresses where 
the thin-walled arteriole enters the glomerulus. This view is 
consonant with their hyperplasia in degenerate renal disease. 

BASEMENT MEMBRANE 

The renal tubules and the excretory ducts are enveloped externally 
by a well-developed and distinct bascjnent membrane , which is 
probably formed embryologically by condensation of interstitial 
connective tissue. It is doubtful whether this basement membrane 
plays any active role in excretion, but its interposition between 
the capillaries and the tubular epithelium is a matter of moment, 
for it must be traversed by water and solutes moving from the 
blood to the tubule cells or vice tersa. The presence of the basement 
membrane is particularly significant in the glomerulus, where it 
is interposed between the capillaries and the visceral layer of 
Bowman’s capsule. The glomerular filtrate must therefore trav¬ 
erse this membrane, as well as the capillary endothelium (and the 
capsular epithelium where present) in order to gain access to the 
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capsular space Here this membrane is normall} so thin that it is 
discernible onl> with special stains, but there is evidence that 
proliferation and thickening ma> pla> an important role in 
certain tjpes of glomerular disease 

COLLECTING TUBULES 

The collecting tubules consist of epithelium that is quite different 
from the other parts of the nephron, a distinction in keeping 
with its separate embrjological origin The cells van m height 
in different portions of the collecting sjstem but are almost 
universall) arranged in a single smooth layer with dark staining, 
spherical nuclei all in the same relative position The cv tologv of 
the collecting tubules does not suegest anj specialized function 
other than service as conduits, and the} are so treated b> nearlv 
all writers There is some evidence, however, that ma> be inter 
preted as indicating that the} have a reabsorptive function, par 
ticularl) for water 

DETAILED VASCULATURE OF THE MAMMALIAN KIDNEY 

After the renal artery enters the hilus of the kidne} it divides 
into two sets of end arteries, a central and a dorsal set, which 
progressive!} subdivide into three further orders, the interlobar 
and/or arcuate and interlobular arteries Numerous short arterial 
twigs, the afferent arterioles , each of which directl} supplies a 
glomerulus, are given off from the interlobular arteries The 
muscle fibers in the interlobular arter} and the afferent artenole 
are arranged in the spiral bundles of a helix ,s ‘° From the glomer 
ular capillaries the blood is earned off b} the efferent artenole, 
which has a somewhat variable structure ranging from an endo¬ 
thelial vessel provided wnth a network of cells resembling Rouget 
cells to a typical artenole invested b} smooth muscle cells 111 The 
efferent artenole breaks up into a second network of capillanes, 
the distnbution of which vanes with the level of the glomerulus 
in the cortex in the inner third of the cortex (juxtamedullar) 
glomeruli) the efferent blood is directed in a straight radial course 
to the medulla, whereas in the outer two-thirds the efferent 
blood is distributed to the adjacent tubular tissue (cede infra) 
(plate u) 
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In both the cortex and the medulla the peritubular capillaries 
converge into veins whose distribution follows more or less the 
local tubular pattern, in the cortex the confluent veins have a 
stellate arrangement, while in the medulla their course is straight, 
paralleling the tubules The interlobular veins converge into the 
arcuate veins paralleling the arcuate arteries, and these finally 
join to form the renal vein, which emerges, in the hilus of the 
kidney, adjacent to the renal artery 

JUXTAMEDULLARY CIRCULATION 

There are notable differences in the postglomerular circulation in the 
outer two thirds or so of the cortex and the inner third adjacent to 
the medulla (plate 11) The glomeruli in the inner portion of the cortex 
have been called the juxtamedullary glomeruli by Heggie MS to dis 
tinguish them from the cortical glomeruli 
As Peter 1585 first demonstrated, the loop of Henle of those tubules 
arising from the cortical glomeruli passes only a relatively short distance 
into the medulla, the thin segment of this loop being very short On the 
other hand, the loop of Henle of the tubules of the juxtamedullary 
glomeruli descends deeply into the medulla, often as far as the papilla, 
the greater part of the loop within the medulla being made up by the 
thin segment 

Trueta, Barclay, Daniel, Franklin, and Prichard 10 ” have recently 
contributed substantially to our knowledge of the finer circulation in 
the juxtamedullary region by detailed studies of injected kidneys in 
several mammals (rabbit, cat, guinea pig, rat, dog, and man) 

The efferent arterioles of the cortical glomeruli are much smaller than 
the afferent arterioles, whereas in the juxtamedullary glomeruli the ef 
ferent arterioles are nearly as large as the afferents, a difference hitherto 
recogni2ed and interpreted as related to the fact that the juxtamedullary 
glomeruli must supply nearly all the blood to the medulla by way of 
the rasa recta Typical juxtamedullary glomeruli are situated only in the 
inner third of the cortex and are supplied by afferent arterioles arising 
in most instances from the proximal portions of the interlobular arteries, 
though occasionally directly from an arcuate artery, while cortical 
glomeruli occur in all zones of the cortex peripheral to the juxtamedullary 
region, only a few occurring in this deepest zone 
The efferent arteriole of the typical cortical glomerulus breaks into 
capillaries of small caliber, which descend with and are distributed 
around the thick descending and ascending limbs of the loop of Henle, 
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as well as around the collecting tubules, these elements together com 
pnsmg the medullar) ray The capillaries that surround the glomerulus 
itself, the interlobular arterv and vein, and the adjacent convolutions 
of the proximal and distal tubules in the outer cortex are dern ed from 
the capillaries of the medullar) raj, the) thus represent the venous end 
of the cortical capillar) s>stem It seems probable that this ‘hairpin’ 
arrangement of the capillar) plexus is an incident of organogenesis, the 
mid point of the plexus being earned downward along the axis of the 
medullar) ra) as the nephron itself extends the loop of Henle in the 
same direction The writer sees no reason at the moment to give this 
hairpin* pattern an) special functional significance 
Quite unlike the efferent pattern in the cortex, the efferent vessel of a 
juxtamedullarj glomerulus proceeds as a single large trunk into the 
medulla, where it divides into a group of straight parallel vessels, 
the "asa recta {arteriolae rectae spunae), tan ts,s the caliber of each of 
which is but little smaller than that of the efferent arteriole itself The 
rasa recta have a structure identical with that of capillaries elsewhere in 
the kidney, but the) differ from both corttcal and sjstcmtc capillaries 
in that the) have a larger caliber, the venous components are larger 
than the artenal components, the) pass in an essentiallv straight line 
from the glomerulus tow ard the medullary papilla, to loop back tow ard 
the cortex and end in either an arcuate or interlobular vein, and the) 
tend to be grouped together m compact bundles around or adjacent to 
the thin limb of the loop of Henle Since the capillaries from neighboring 
glomeruli undergo some anastomosis, it is improbable that the blood 
suppl) to a particular tubule in the medulla is dem ed to an) significant 
extent from the glomerulus of ongin Near the cortex a number of 
rasa recta ma> be grouped together, making up a close set bundle of 
contiguous v essels, some of them completely surrounded b) other *asa 
recta , but as the bundle passes toward the papilla the number is steadily 
reduced as a result of the turning back of individual vessels, giving the 
bundle as a whole a conical appearance when seen in radial or coronal 
sections Whereas the conv ofared and straight parrrorrs af c/re proxsmal 
and distal tubules in the outer cortex are surrounded b) a typical and 
abundant capillar) reticulum, in the juxtamedullary region onlv occa 
sional capillaries are given off from the efferent arterioles or from the 
most proximal parts of the rasa recta, the importance of *=uch capillaries 
is, however, probably diminished b) the abundance of the - asa rec*a 
themselves, which must be thought of as serving the same function In 
the rabbit the juxtamedullary glomeruli make up about 15 per cent of 
the total number of glomeruli in each kidney 
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A point of considerable importance is the relation of the casa recta to 
the tubules From available studies it appears that in the deepest part 
of the medulla the onl> tubular segment present is the thin segment of 
the loop of Henle, and here the casa recta and the thin segment stand 
alone The outer third of the medulla, however, contains, in addition 
to thin segments of both juxtamedullary and cortical nephrons, the 
straight descending limb of the proximal tubule and the straight ascend 
mg limb of the distal tubule of the juxtamedullary nephrons In this 
region, therefore, the casa recta have functional relation to proximal 
and distal tubule tissue as does the capillary circulation in the cortex 

There appear to be no important species differences In man the 
afferent and efferent vessels of the cortical glomeruli show about the 
same proportional size as in the rabbit, but the efferent vessel of the 
juxtamedullary glomeruli is often noticeably larger than the afferent 
vessel 

The t asa recta provide a potential pathwaj of considerable capacit) 
for blood to pass from the arterial to the venous s> stem via the juxta 
medullary glomeruli during ischemia of the cortex, and Trueta and his 
colleagues have presented evidence that under a variet) of traumatic 
conditions in the rabbit, and perhaps to some extent in other species, the 
juxtamedullary circulation ma> remain under perfusion when the cortex 
has been rendered ischemic b> vasoconstriction There remains consider 
able uncertainty about the occurrence of this phenomenon in man under 
most conditions involving renal ischemia, and also in regard to the 
interpretation given to the role of the juxtamedullarj circulation in other 
circumstances These questions will be dealt with in detail m chapters 
xxn and xxv 

The proximit) of the casa recta, which constitute b) far the greater 
part of the medullar) vascular bed, to the thin segment of the loop of 
Henle suggests that the circulation in the casa recta is uniquel) related 
to the function of this segment In the current view, the thin segment 
is concerned with passive osmotic dial)sis of the tubular urine to bring 
it to an isosmotic state relative to the blood before it enters the distal 
tubule, where final sodium and water rcabsorption occur Under certain 
circumstances considerable water (though not b) an) means the larger 
portion) ma> be reabsorbed from this segment, and Trueta and his col 
leagues cogentl) suegest that the structure of the r asa recta and their close 
juxtaposition to the thin segment reflect this functional relationship 

In the renal sinus there are man) thin walled vessels of large caliber 
which unite the interlobar veins, these vessels lie closelv adjacent to the 
outer surfaces of the cal) ces of the renal pelvis, and it is sueeested that 
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they ma> easilv be ruptured b> an increase in pelvic pressure, a arcum 
stance that maj explain the phenomenon of p) elov enous backflow some 
times observed after the use of excessive pressure m retrograde p>elog 
raphy (ch yxvi) 

arteriovenous anastomoses and direct arterial supply 

TO THE MEDULLA 

Bowman (1832), in his classic description of the circulation of the 
mammalian hidnej, said that all the blood reaching the tubules 
traverses the glomeruli and is distributed from the efferent glo¬ 
merular arterioles Bowman’s description was based onlj on the 
fact that this seemed to be the fundamental pattern, and he had 
no occasion to argue the question of possible exceptions How 
ever, within a few )ears Ludwig (1847-8) challenged Bowman’s 
description by asserting that some interlobular arteries jn the 
outer cortex terminate directl} in the peritubular capillarv plexus 
without the interposition of a glomerulus Of greater interest, 
however, are potential sources of aglomerular blood within the 
renal vasculature proper In 1857 the American anatomist 
Isaacs m pointed out that in some cases an afferent glomerular 
arteriole ma> give off a twig which communicates direct!) with 
the peritubular capillary plexus It was some )ears later (1871) 
before Ludwig described this branching of the afferent arteriole,* 
and such branches ma> appropriate!) be called Isaacs-Ludwig 
arterioles A third alleged form of non glomerular circulation is 
represented b) arterioles that arise from either the subcortical 
or interlobular arteries to descend directl) into the medulla, 
called artenolae rectae verae in contradistinction to the descending 
efferent arterioles, called artenolae rectae spun a e or rasa recta 
Numerous anatomists hav e confirmed the existence of all three 
t)pes of non glomerular artenolesbut claimed that non 
glomerular artenoles of an) t)pe are so rare as to be considered 
only anomalies, though they ma} increase in number and func 
tional importance with advancing age It is clearl) established b' 
the studies of Huber, 1M7 McCallum, 1 ** 7 01 iver, ,s ‘ 9 MacNider, ,,IS 

* Bieter observes that the remarks of Schweicrger-Seidel make it clear that 
this circulatory arrangement had been observed by Ludwig and his pup 1 
Gcrlach, and by \ irchow and others at a date considerably before Ludwig s 
article m Stncker s Handbuch was wntt-n 
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and others 1170 mo that in pathological kidneys and in kidneys 
from patients of advanced age, many degenerate glomeruli may 
be seen in which the capillary tuft has virtually disappeared; the 
afferent and efferent arterioles form a continuous trunk through 
the vestige of the glomerulus and are united by a single dilated 
glomerular capillary. The remaining capillaries, if present at all, 
form mere appendages springing from one side of this trunk. 

Aglomerular vessels formed by glomerular degeneration are 
thought by Trueta and his colleagues to be identical with the 
artertolae rectae verae of other investigators, and the authors 
believe that similar degenerative changes lead to the formation of 
arterioles of the Isaacs-Ludwig type from typical cortical glomer¬ 
uli, in which case the efferent vessel of the degenerate glomerulus 
joins the cortical-intertubular capillary network instead of the 
vasa recta. Such degenerative glomeruli have been found in the 
kidneys of all species; they occur most frequently in the juxta- 
medullary zone, and, since the degenerative glomeruli lack a 
capillary bed, the authors suggest that they afford virtual arterio¬ 
venous ‘shunts’ operating through the vasa recta system. Since 
the frequency of such degenerative glomeruli varies with age and 
disease m any one species, and since the actual number is small 
in comparison with glomeruli of normal capillary structure even 
in the juxtamedullary zone, their functional significance remains 
problematic. 

Spanner, ,B6S from injections of a single human kidney, believed 
that arteriovenous anastomoses occur with relatively high fre¬ 
quency in the sinus, cortex, and capsule, but this belief was not 
confirmed in the dog kidney by Shonyo and Mann mo or in other 
species by Trueta et al. The latter investigators found that, in the 
renal sinus, the interlobular arteries adjacent to the external walls 
of the calyces frequently carry small, highly coiled arterial twigs, 
which end either in the interlobular artery of origin or in an 
adjacent artery, but never in the venous sjstem. Because of the 
great tortuosity of these peculiar arterial by-passes, these investi¬ 
gators call them ‘coiled arterial vessels,’ and they suggest that it 
was such vessels Spanner mistook for arteriovenous anastomoses. 
They see no evidence of direct communications between the inter¬ 
lobular arteries and veins in the cortex of the normal kidney, and, 
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although venous vessels in the capsule anastomose freel) with 
each other and with the veins of the pennephnc tissues, arteno 
venous anastomoses, if the) exist here at all, are rare Trueta 
and his colleagues reaffirm that, m the normal kidne), all the 
renal blood passes through the glomeruli (cortical or juxta 
medullar}), and that the medulla receives no blood other than 
what reaches it through the juxtamedullar) glomeruli 

Barne, KJebanoff, and Cates,** how e\ er, reaffirm an earh ob- 
servation b> Golubew, that in the cortico-medullar) junction cer 
tain tightl) coiled arterioles demed from the arcuate arteries 
make direct communication with adjacent veins through one or 
more sinusoids, thus creating a virtual artenov enous anastomosis 
After leaving the sinusoid, the arteriole breaks up into a leash of 
vessels that suppl) the peripheral part of the medulla, thus 
affording a direct arterial suppl) to the latter From this brief 
report it is not clear what relation these vessels have to the 
degenerate, canalized glomeruli described b) previous m\esn 
gators, or why a true arteriovenous anastomosis should communi 
cate through a sinusoid bounded b) a single la) er of endothelium 
The two important points m all discussion of arteriovenous 
anastomoses in the renal circulation are their origin and their 
number Since each kidney contains nearl) 1,000,000 true glomer 
ular vessels, it is not surprising that there should be a few anom 
alous vessels, particularl) as a result of degenerate e chances 
Simkin, Bergman, Silver, and Prinzmetal ,s, ‘ have injected glass 
spheres into the renal artery of living rabbits and recovered 
spheres measuring 50 to 180 p in diameter from the v enous circula 
don Spheres of ev en greater size (90 to 440 n in diameter) w ere 
recovered from the renal vein of human kidne) s perfused pos* 
mortem Since spheres of this size can hardl) pass through the 
capillar) bed, the authors consider this indubitable evidence that 
renal artenov enous anastomoses are present and functional in 
the Living animal The data are, however, not quantitative and 
might be explained b) a relative!) few anastomoses having little 
or no functional significance Clearance data and extraction ratios 
demonstrate unequiv ocall) that not more than 8 per cent of the 
total renal blood flow normall) passes direct!) from the artenal 
to the venous system in the human kidne) (ch xxv), this fieure 
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including not only arteriovenous anastomoses but the blood which 
exclusively perfuses the renal capsule and the perirenal fat and 
such non-excretory tissues as the renal pelvis and major collecting 
ducts. In only a single circumstance (the rapid administration of 
concentrated serum albumin) is there evidence that any sub¬ 
stantial quantity of blood may pass through the human kidney 
without being cleared, and the evidence is not yet firm that this 
phenomenon is a result of arteriovenous or transmedullary shunt¬ 
ing. 

In addition to the atypical arterioles described above, the 
fibrous and fatty capsules of the cortex possess a substantial 
arterial supply derived from the interlobular arteries, from the 
capsular artery itself, and irregularly from extrarenal sources 
such as the spermatic, lumbar, suprarenal, and phrenic arteries. 
There is, however, no information on the quantitative importance 
of these cortical-capsular connections. 

LYMPHATIC VESSELS AND CONNECTIVE TISSUE 

There is an elaborate network of lymphatic vessels in the cortex 
but apparently none in the medulla. Larger lymphatic channels 
accompany the interlobar, arcuate, and interlobular vessels, 
surrounding them in an irregular anastomotic network, particu¬ 
larly rich around the arteries. A second plexus underlies the 
capsule, and a third penetrates the perinephric fat, the last two 
communicating freely with each other. In no case do the lym¬ 
phatics within the kidney enter the glomeruli; all drain into renal 
lymphatic vessels which leave the kidney at the hilus and end 
in the lateral aortic nodes. The perinephric plexus drains directly 
into the upper lateral aortic nodes. 

Valves are lacking in the renal parenchyma, but are present in 
the large trunks of the renal sinus.' 4 " 

The quantity of connective tissue in the normal mammalian 
kidney is small. Its branching and anastomosing fibers form 
diffuse networks everywhere in the narrow’ spaces between the 
tubules, the fibers being especially numerous and thick in the 
pyramids. A few strands of connective tissue enter the glomerulus 
along the blood vessels. Proliferation of this connective tissue 
throughout the kidney may play an important part in disease. 
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INNERVATION 

The kidney receives a rich supply of sympathetic vasoconstrictor 
nerves, said to be second in bulk only to the adrenal gland. These 
nerves arise from the rvth dorsal to the rvth lumbar segments, 
although the functionally most important segments in the dog 
appear to be the last four dorsal segments. A combination of 
these fibers passing through the splanchnic and abdominal ganglia 
makes up the renal plexus, a network running along the renal 
artery from the aortic plexus to the renal hilum, from which fibers 
enter the kidney with the renal vessels and terminate among the 
afferent and efferent arterioles. Nerve fibers penetrate the base¬ 
ment membrane to end adjacent to the tubular cells, especially 
in the proximal segment, and others terminate among the juxta¬ 
glomerular cells, in the parietal layer of Bowman’s capsule, and 
in the perivascular spaces of the glomerular tuft. Whether such 
fibers are afferent or efferent is undetermined. 

Some of the preganglionic sympathetic fibers undergo sjnaptic 
junction in the lateral ganglia, others in the collateral ganglia, 
and still others in the kidnej itself Neither sjmpathetic vaso¬ 
dilators nor vagal fibers to the kidnej have been demonstrated 
Afferent fibers, at least from the renal pel ns and ureters and 
possibly from the renal parenchjma, pla> an important role in 
renal pain and in some types of anuria involving reflex vasocon¬ 
striction”* 871 * 1S - 1KS 


REVAL-PORTAL SYSTEM 

All Vertebrara during embrjomc life (pronephros and mesonephros) and 
all adult vertebrates (mesonephros) other than the Mammalia (meta 
nephros) possess a reral-portal system the \eins draining the posteno- 
part of the bodv (caudal* ill ac*ov anan* spermatic* etc.) eu e me to a pair 
of afferent renal veins (rr portae renalts, or renal portal veins) which, 
before joining with the efferent renal veins, give off numerous radicles 
on either side, m some forms the free movement of blood from the renal- 
portal veins into the vena cava is obstructed by a membranous valve 
that possesses on!) a fine communicating channel, and consequent!) 
venous blood from the renal-portal veins is diverted through these 
radicles to reach the pen tubular capillaries, from which it is ulnmatelv 
collected into the efferent renal veins. 5118 The renal tubules of the meso- 
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nephros thus have a double supply of blood, the first from the efferent 
glomerular arterioles and a second from the renal-portal system. In 
some Amphibia, Reptilia, and Aves, shunts may connect the renal-portal 
veins with the efferent renal veins, making it possible for the blood from 
the former to by-pass the kidneys. Similar shunts between the renal- 
poTtal veins and the posterior mesenteric veins occur m some Osteich- 
thyes, Reptilia, and Aves, permitting blood to flow from the renal-portal 
to the hepatic portal system Although the functional significance of 
the renal-portal system with respect to the adult kidney in sub- 
mammaltan forms has been, challenged, the evidence shows that it does 
in fact deliver venous blood to the renal tubules without passage through 
glomeruli. As Mossman 1,81 remarks, phjlogenetically the renal-porta! 
system is one of the most fundamental features of the circulation m the 
vertebrates. Indeed, it is the principal distinguishing characteristic 
between the mesonephros, which is the definitive kidney below the Mam¬ 
malia, and the metanephros of the Mammalia. Indubitable evidence of 
function is available in the aglomerular fishes, of which some twelve or 
more families are known." 0 * In those that have been well studied, the 
only blood supply to the kidney is venous in nature and is derived in 
large part from those venous channels that in other forms contribute 
to the renal-portal system (caudal vein, posterior cardinal \ein, acces¬ 
sory caudal vein)." 02 The preponderance of tubular excretion over 
glomenfiar filtration in the glomerular fishes, frog, and chicken is also 
evidence in this direction (ch. xvii). 

In the Mammalia, as the mesonephros is replaced by the metanephros 
during embryonic development, the renal-portal system disappears, leav¬ 
ing only the pampiniform plexus as a remnant, and all blood to the 
kidney enters via the renal artery. (A trivial exception is presented by 
minor arterial connections between the renal capsule and the vasculature 
of perinephric organs) It seems fair to say that the mesonephros is 
primarily a tubular kidney in which the glomerulus is adjunctival; this 
filtering device, having been evolved in the protovertebrates, served the 
fresh-water fishes and Amphibia well, but underwent degeneration in the 
reptiles and birds. With the evolution of the metanephros in the Mam¬ 
malia, emphasis was again placed on glomerular function, and the 
renal-portal s> stem was discarded. 

For many interesting details on renal architecture, tubule length, 
etc., in relation to habitat among the mammals, the reader is referred 
to Sperber’s monograph. 1 *” The older literature on gross and micro¬ 
scopic anatomy of the kidney and on renal function is summarized by 
von Mollendorf and EI!mger. I,t 
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Studies on Individual Nephrons 


C0MP0S1T10V OF THE GLOMERULAR FILTRATE 

That the first step in the formation of urine consists of simple 
ultrafiltration in the glomeruli \sas first clearly demonstrated by 
.Richards and his collaborators by actual ana 1 ) sis of the capsular 
fluid m the frog {Ratia pipieni) and mud puppy {Nreturns 
maculosus). In a brilliant and painstaking senes of studies begin¬ 
ning in 1924 and extending over man) jears, these investigators 
applied the Chambers microdissectton technique to the puncture 
not only of Bowman’s capsule but also of various segments of the 
renal tubule of living animals. Developing microanalyrical 
methods adapted to the small quantities of fluid thus obtained 
(0.5 cu. mm. or less), they successfully followed the changes in 
composition of the urine as it passed from Bowman’s capsule to 
the bladder.’ 76 *' 1 * 07 ,TC3 - 1710 m * 

Glomerular puncture was first applied by Weam and Rich¬ 
ards 5151 to demonstrate that the glomerular fluid normally con¬ 
tains at best only traces of protein, thus substantiating a central 
point of the filtration theory. It was also shown that the capsular 
fluid contains glucose and chloride when the bladder urine is 
free of these substances, thus proving the actuality of tubular 
reabsorption of these substances. 
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Subsequent investigations have shown that, in both the frog 
and Necturus, the osmotic pressure of the capsular fluid and blood 
plasma is the same, as is also the electrical conductivity .™ 1 !,n The 
chloride content of the capsular urine * in both species is on the' 
average a little higher than that of plasma, although the difference 
is within the error of the method it may be a real one explicable 
by the Donnan equilibrium f 891 11511176 Urea , 2m glucose 1 '™ /«- 
organic phosphate, 2128 creatinine 111 and uric acid 111 (the last also 
studied in the snake) are present in the capsular fluid in the frog 
in the same concentration as in plasma, and this is true of sodium 
in Necturus 117 The capsular fluid also has the same pH as the 
plasma 14681817 Glomerular filtrate forms in a single capsule at 
such a rate that, when the total number of glomeruli in the two 
kidneys is taken into account, the calculated quantity of water 
filtered is well above the maximal rate of urine excretion J In 
certain details these results have been confirmed by White and 
Schmitt 21,0 and Ekehorn 891 

Nearly all investigators have agreed that the blood pressure 
in the glomerular capillaries is adequate to effect a limited amount 
of filtration against the colloid osmotic pressure of the plasma 
In man the mean arterial pressure may be taken as 90 mm. Hg 
and the average osmotic pressure of the plasma proteins as 24 
mm ; in the frog and Necturus these figures may be taken as 
29 mm. and 7.7 mm , respectively 182 9,s 1204 2188 Assuming that the 
blood pressure is reduced by one-third to one-half in the glomeruli 
of both animals, a considerably higher filtration pressure would 
be expected in the warm-blooded forms, and therefore a greater 
volume of filtrate relative to each unit volume of plasma. Actually, 
it has been established by clearance methods that an average of 

* In all these experiments, a protein free fluid (capsular or tubular unne) is 
being compared with plasma, which contains considerable protein Consequently 
an appropriate correction has been made tn order to express plasma concentra 
tions on the basis of mg/100 cc- of plasma water No correction is indicated in 
the case of osmotic pressure 

t The Donnan equilibrium is discussed in chapter xt 

t Although this calculation indicates that glomerular filtration can account 
for all the water excreted, similar calculations must be applied with caution to 
the excretion of other substances where a range not of several hundred per cent 
but of 25 or 50 per cent is critical in answering the question whether or not 
glomerular filtration is the sole process involved w thetr excretion 
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19 per cent of the plasma water is filtered in man im and 12 to 15 
per cent in the bullfrog.* 77 

COMPOSITION OF THE TUBULAR URINE 

The methods developed for the collection and analysis of glomeru¬ 
lar fluid have been applied by Richards and Walker ,7l » and their 
coworkers to the study of the tubular fluid in frogs and AW/uri, 
and by Walker, Bott, Oliver, and MacDowell IU1 to similar studies 
in the rat, guinea pig, and opossum. Tubules have been punctured 
at various levels and fluid removed for analysis, or fluid of known 
composition has been perfused through a tubule by two micro- 
pipettes, the lumen of the tubule being closed on either side by 
the injection of a globule of mercury or mineral oil. 

Since no fluid can be collected from a tubule when the glomer¬ 
ulus is cut off by compression, it is assumed that no water is 
excreted by the tubule. The extent of the reabsorption of water 
cannot be determined directly, and it is therefore uncertain 
whether a change in the concentration of a particular substance, 
as the urine passes down the tubule, is caused by subtraction of 
water or by the addition of the substance itself. 

The data in figure 1 im show that there is essentially no change 
in the osmotic pressure of the tubular urine during its passage 
along the proximal tubule; the typically hypotonic urine is formed 
in the distal tubule. Under the assumption that there is no tubular 
excretion of water, the progressive loss in osmotic pressure ob¬ 
served in the distal tubule must be a result of the reabsorption of 
osmotically active constituents, the chief of which is sodium 
chloride. 

Final reabsorption of sodium (and chloride), and perhaps of 
other inorganic constituents, occurs in the distal tubule. Evidence 
is given below that as much as 30 per cent of the water of the 
glomerular filtrate is reabsorbed proximally; were not sodium 
chloride also reabsorbed in the proximal tubule, the chloride 
urine/plasma (U/P) ratio should be i/(i-o — 0.3) or 1*4, but this 
ratio rises only to about 1.1; hence some sodium reabsorption 
must occur in the proximal tubule as well. The disparity between 
the facts that the osmotic U/P ratio = 1.0 and the chloride 
U/P ratio - I.l can perhaps be explained by the preferential 




Hcure i The glomerular filtrate is essential!) identical with plasma, so far as 
chloride and molecular concentration (osmotic pressure) are concerned This 
identity is preserved throughout the length of the proximal tubule, the rcab- 
sorption of chloride (and sodium) occurring in the distal tubule (Walker, Hud- 
son, Findfey, and Richards ***) 


firming this are given in figure 2. The concentration of glucose 
diminishes rapidly as the filtrate moves down the proximal 
tubule, and when this has been half traversed, the concentration 
may be as low' as it is in the ureteral urine. However, the capacity 
to reabsorb glucose is not limited to the first half of the proximal 
tubule, for, when Ringer’s solution containing glucose is slowly 
perfused through the distal half, the sugar is also reabsorbed. On 
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the contrarj, when a glucose solution is perfused through the 
distal tubule, its concentration remains the same or increases 
owing to the reabsorption of water The sole site of the selective 
reabsorption of glucose is therefore the proximal tubule In the 



FicorE 2 The glucose of the glomerular filtrate is normally reabsorbed in the 
proximal tubule of the frog and A ecturus After an adequate dose of phlorizin, 
this reabsorptive process is blocked and the glucose UfP ratio increased in con 
sequence of the reabsorption of water (V» atker and Hudson 11 * 1 ) 

normal animal, when the concentration of glucose in the glomer¬ 
ular filtrate is increased by raising the plasma level, the reab¬ 
sorptive capacities of the proximal tubule are exceeded and the 
excess glucose is passed on through the distal tubule and excreted 
in the urine r7 °* 

It has long been known that the drug phlorizin causes glucose 
to be excreted in the unne of glomerular animals, a phenomenon 
attributed on the basis of other evidence to a specific action in 
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blocking tubular reabsorption ,07 ‘ Phlorizin does not affect the 
concentration of glucose in the glomeruhr filtrate of Necturus , 
but it does abolish the capacity of the proximal tubule to reabsorb 
it In the phlonzimzed animal, the glucose concentration increases 
perceptibly as the fluid passes down the proximal tubule (fig 2) 
All the available evidence is contrary to the view that glucose is 
excreted by the tubules in any species, and the increasing U/P 
ratio maj be attributed to the reabsorption of water * Since 
under the action of phlorizin the glucose U/P ratio ma> reach 
2 5 in the distal tubule, whereas this ratio does not exceed i 4 
in the proximal tubule, it follows that more water is reabsorbed 
in the distal than in the proximal system 

In contradistinction to chloride, phosphate is usually concen 
trated to a considerable extent by the kidneys of the frog and 
Necturus Walker and Hudson 11,5 found that the phosphate U/P 
ratio rises progressively as the urine passes through the proximal 
and distal tubule, the greatest degree of concentration being 
effected in the latter The final U/P ratios of phosphate (3 3) 
and of glucose (31) in phlonzimzed Nectun are so nearly alike 
that it may be concluded that there is sufficient reabsorption of 
water to account for the concentration of phosphate, even if 
some of the glucose escaped by diffusion, as suggested above 

Although phosphate is usually concentrated by the tubules 
(though never to an extent greater than glucose under phlorizin), 
when the plasma concentration is very low it may be almost 
wholly absent from the urine In such instances it is reabsorbed 
by the distal tubule * m Later evidence will show that the mecha 
nism of phosphate reabsorption resembles that of glucose, when 

* If it is assumed that phlorizin had complete!) blocked the reabsorption of 
glucose the relative amount of water reabsorbed from the glomerular filtrate 
could be calculated from the U/P rat o of glucose but Walker and Hudson do 
not be! eve that such is the case on the has s of experiments in wh ch glucose 
solutions were perfused through the tubules of phlonz n zed Nectun the) con 
eluded that some of the sugar escapes through both the prox mal and d stal 
tubule b> d ffus on That phlonzm docs increase the permeat 1 1 > of the tul ulcs 
m the Amph bia sufficient!) to perm t glucose to escape from th tul ular unne 
b> diffusion is confirmed b> the clearance experiments of I orster and 1 s co- 
workers, who find that in the frog * * and turtle **• the glucose and crcatm nc 
clearances are onl) about So per cent of the inul n clearance 1 ut nod ssociation 
of the creatinine and inulm clearances is observed m phlonzimzed mammals. 
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the amount filtered is in excess of the reabsorptive capacity of 
the distal tubule the excess is excreted in the urine. 

That, in the frog, urea is excreted in part by tubular activity 
was first suggested by Marshall“ ss on the basis that the final 
U/P ratio (bladder urine) of urea may reach 20 to 34, whereas 
the simultaneous U/P ratio of the pentose, xylose, which is only 
slightly reabsorbed,* never exceeds 3.0. In Walker and Hud¬ 
son’s ««•*“» studies, the U/P ratio of urea, by the time the blad¬ 
der was reached, attained an average value of 7.8, whereas the 
U/P ratio of glucose m phlorizinized animals, and of phosphate 
in normal animals, did not exceed 2.7. Hence these investigators 
concur with Marshall that in the frog some urea is excreted by 
tubular activity.! It should be emphasized that such tubular 
excretion is in addition to glomerular filtration and does not 
diminish the importance of the latter. 

In contrast to the frog, in phlorizinized Necturt the urea U/P 
ratio is rarely greater than that of phosphate or glucose after 
phlorizin; % the reabsorption of water appears to be sufficient in 
this species to account for the maximal tubular concentration of 
urea. 

The urine in Amphibia is typically acid. Montgomery and 
Pierce, 14 ” using the microquinhydrone electrode to measure the 
pH of the tubular urine, found that acidification takes place 
exclusively in the distal tubule, confirming the earlier observations 
of Richards 1705 that phenol red solution introduced into the 
tubule changes from red to yellow only after it has entered the 
distal segment. The cells that possess the power of acidification 
occupy slightly less than one-fifth of the total length of this 
segment and are situated somenhat nearer the distal than the 
proximal end. Though they show no outstanding histological fea- 

* Reasons for believing that there is very little reabsorption of xylose, even 
in normal animals, are given in chapter ix 
t This conclusion is fortified by two additional facts the rate of urea excretion 
(UV) in frogs requires an a\erage glomerular filtration rate greater than is 
normally obsened, and the rate of excretion is not directly proportional to the 
plasma concentration (P) This last point indicates tubular excretion because, 
were only filtration m\ otved, UV should increase in proportion to P. 

t This statement should be qualified, because phlorizin is known to block the 
tubular excretion of some substances 
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tures, their location usually coincides with an abrupt widening of 
the lumen. Their activity is remarkable, for they can change the 
reaction of a 0.33 M sodium phosphate buffer from 7.5 to 6.8 in one 
minute; this is equivalent to adding one-fourth volume of 0.33 N 
hydrochloric acid to this buffer, and exceeds by loo-fold the incre¬ 
ment in acid required to effect acidification of normal tubular 
urine.* f 

Ammonia does not appear in the tubular urine of the frog or 
Nectuuts until the latter two-thirds of the distal tubule is reached 
(fig. 3).* 1 * 0 Within this region (and possibly also in the early part 
of the collecting duct) the ammonia concentration gradually 
increases until it approximates that of the bladder urine. Since 
ammonia is practically absent from the blood, its accumulation 
in the tubular urine must be the result of tubular synthesis, the 
tubule cells elaborating it from some unidentified precursor.J 
That the precursor is a cellular constituent is indicated by the 
fact that ammonia excretion continues when the kidney is per¬ 
fused with a fluid containing no known ammonia precursor.§ 

Observations of this type have been extended to the guinea pig, 
rat, and opossum by Walker, Bott, Oliver, and MacDoweIl. ,in>,,,T 

Glomerular puncture is difficult in mammals because the 
glomeruli are all below the surface of the kidney, and puncture 
experiments must generally be of a random nature, utilizing 
subsequent examination of the tubule to identify the site. How¬ 
ever, the composition of the fluid withdrawn from a few glomeruli 
or from the first part of the proximal tubule indicates that the 

*Elhnger iW belies es, an the basis of experiments imolvtng the indicator 
fluorescein, that acidification occurs exclustsely in the distal tubule of the frog 
if the ultimate acidification of the urine is slight, hut, when the unne is maximally 
acid, acidification may also occur m the proximal tubule. This proximal process 
may possiblj represent only reabsorption of bicarlwnate in contradistinction to 
the secretion of hjdrogen ion in the distal tuhule The intrants! reactions of 
indicators arc not reliable indices of the reaction of the urine. 1 ” 1 

t That the capicity to acidify the tubular unne is limited to the distal tubule 
was first recorded b> Chambers and Kempton 1 " from obsmattons on in vitro 
cultures of the mesopenhros of the chick embr)o. 

f In mammals ammonia is formed from glutamine and from the <r-jmno 
nitrogen of some other ammo acids. 

| Wdlbrandt n " has reported on clectncal potentials across the tubules of 
Necturus . Such potentials arise » hem er there is an ionic concentration difference 
and are difficult to interpret at the present time. 
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capsular fluid in the mammals, as in the Amphibia, is a true 
ultrafiltrate, with respect to glucose, creatinine, osmotic pressure, 
chloride, sodium, and phosphate (figs. 4 and 5). 



Figure 3 The ammonia concentration of the unne of the frog, expressed as 
per cent of the concentration m the bladder unne. Each datum represents a 
separate expenment. Note that there is apparently no ammonia secretion until 
the first quarter of the distal tubule has been passed, or at about the point 
where the unne is acidified. (Walker ,uo ) 

Glucose is normally reabsorbed by the proximal tubule, just as 
in the Amphibia (fig. 2). After the administration of phlorizin, 
glucose undergoes considerable concentration in the proximal 
tubule,* when 50 per cent of the tubule has been traversed the 
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glucose U/P ratio has risen to between 2.5 and 3.0. Creatinine is 
similarly concentrated in the proximal tubule in the normal 
animal, and on the assumption that it is not excreted by the 



IN PROXIMAL TUBIAZ URINE 


Figure 4. In mammals glucose is normally reabsorbed in the proximal tubule, 
as in the Amphibia Phlorizin blocks this reabsorption and leads to a glucose 
U/P ratio ranging up to 3 at the middle of the proximal tubule as water is re¬ 
absorbed. Creatinine, which is not reabsorbed b> the tubules, is concentrated 
to about the same extent. 

The inset shows data on the guinea pig separately because the U/P ratios 
arc of a different order in the proximal tubule The curses are drawn to indi¬ 
cate the U/P ratio of creatinine to be expected from the reabsorption of I2.J 
per cent (inset, 7 J per cent) of the water of the glomerular filtrate b» each to 
per cent of the tubule length. (Walker, Bott, Oln er, and MacDowell ,m ) 




J STL DIES ON INDIVIDUAL NEPHRONS 

tubule * the rise in the glucose V/P ratio in the phlorizinized 
animal may be attributed to the tubular reabsorption of water. 



CHLORIDE AND SODIUM CONCENTRATION AND 
OSMOTIC PRESSURE OF TUBULZ FLUID 


Figure 5 As in the Amphibia, in the mammals the osmotic pressure of the 
unne remains nearly identical with that of the plasma throughout the length of 
the proximal tubule. Onlj three observations are available from the distal tu¬ 
bule, but the} indicate that the urine ma> be dilute in the early part of this 
segment It has, however, become osmoticall) concentrated b> the reabsorp- 
tion of water by the time the bladder is reached 

Chloride is slightly concentrated in the proximal tubule (U/P ratio of I 4) 
but has been reabsorbed in the distal s> stem (\\ alker, Bott, Oliver, and Mac 
DoweJi Y,Vl ) 


Walker et al 51,151,7 found that, of 41 specimens of fluid taken 
from glomeruli or proximal tubules, there was less than o 08 per 
cent of protein (the minimal detectable concentration in some 
experiments) in 17, and less than 003 per cent in 8 Sixteen 

* Creatinine is excreted by the tubules in man and the anthropoid apes, but 
not in the dog, sheep, rabbit, or seal, and it is presumed that it is not excreted 
by the tubules of the guinea pig or rat. 
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specimens gave positive protein tests; 14 of these contained less 
than 0.2 per cent and 9 less than 0.08 per cent. These figures are 
to be compared with an average protein concentration of 7 per 
cent in plasma, and they confirm the belief that in mammals, 
as in cold-blooded animals, the normal glomerular fluid contains 
either no protein, or at most very small amounts (less than 0.03 
per cent). 

Similar amounts of water appear to be reabsorbed per unit of 
tubule length. Walker et ah estimate that in rats about 12.5 per 
cent, in guinea pigs about 7.5 per cent, of the fluid of the glomer¬ 
ular filtrate is reabsorbed by each 10 per cent of the first half of 
the proximal tubule. It is technically impossible in mammals 
to collect fluid from the lower end of the proximal tubule, but it is 
estimated that at this point some 80 per cent of the filtrate will 
have been reabsorbed. This degree of reabsorption would lead to a 
creatinine U/P ratio of 5.0 (i.o/[i.o — 0.8J). Thus water reab¬ 
sorption is much more extensive in the proximal tubule in mam¬ 
mals than in Amphibia, a fact no doubt correlated with the rela¬ 
tively greater importance of glomerular filtration in the former. 

The osmotic pressure of the proximal tubule urine remains 
identical with that of the plasma (fig. 5), as in the Amphibia, 
showing that the reabsorption of fluid in the proximal tubule is 
an isosmotic operation, i e. electrolytes, etc., are reabsorbed pari 
passu with water. Since the osmotic pressure of the bladder urine 
in mammals may be much greater than that of plasma, water 
must be reabsorbed against osmotic pressure in the distal system.* 
The chloride concentration of the proximal tubule urine rises 
early to about 40 per cent above that of the plasma; since the 
osmotic pressure is the same, this implies that some other anion, 
presumably bicarbonate, has been reabsorbed. 

These exquisite microchemical observations have done much 
to clarify the mechanism of urine formation in the forms studied. 
Combining all results in the Amphibia and mammals,f they 
specifically show that: 

• The Amphibia cannot elaborate a unne hspertonic to the blood; this capacity 
appears onl> in the birds and mammals 

t A warrantable equation, since the proximal and distal segments in the 
amphibian kidnej appear to be homologous with these segments n the 
mammals 
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1. the capsular fluid is formed by a simple physical process of 
ultrafiltration, through a semipermeable filter (the endothelium 
of the glomerular capillaries plus the basement membrane) that 
permits all plasma constituents except those of large molecular 
weight or macroscopic size, such as the plasma proteins, fat 
droplets, and formed elements, to appear in the glomerular urine 
in the same concentration per unit volume of water as they are 
present in the plasma in the case of non-electrolytes, or in such 
concentrations as will be determined by the Donnan equilibrium 
in the case of electrolytes; 

2. glucose and phosphate are normally reabsorbed by the 
proximal tubule; 

3. some water (40 per cent in Amphibia, perhaps 80 per cent 
in mammals) is reabsorbed by the proximal tubule; 

4. simultaneously with the reabsorption of water, chloride (and 
attendant sodium) is reabsorbed by the proximal tubule to such 
an extent that 

5. the proximal tubule urine remains isotonic with the plasma; * 

6. but considerable additional water is also reabsorbed in the 
distal tubule, thus producing the final, concentrated bladder urine; 

7. the hydrogen ion concentration remains unchanged in the 
proximal tubule, the urine being acidified in a sharply localized 
portion of the distal tubule; 

8. ammonia is synthesized and excreted by the distal tubule; 

9. in the frog only (among species so far examined) urea is 
excreted by the proximal tubule, in addition to being filtered.! 

The microchemical technique suffers from the deficiency that 
it is impossible by direct measurement to ascertain how much 
water is filtered by any glomerulus (or by all the glomeruli 
together) and therefore it is impossible fo determine how much 
water is reabsorbed by the tubules. In the absence of this knowl¬ 
edge, definite conclusions cannot be drawn about the precise 
extent of tubular reabsorption or tubular excretion of any other 
substance. 

♦The evidence indicates that the reabsorption of sodium is the primary, 
actne operation and that the reabsorption of water is secondary and may be 
attributed to passu e osmotic diffusion __ 

t The frog is an outstanding exception in this respect. Urea is not excreted 
by the tubules in any mammal studied so far. 
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To put the problem in general terms: in order to know whether 
any substance undergoes tubular reabsorption or excretion, it is 
necessary to have, as a standard of reference , some substance which 
is known not to undergo tubular reabsorption or excretion. Then the 
change in concentration that the substance undergoes in passing 
down the tubule will reveal the extent of water reabsorption, 
since the U/P ratio will be dependent only upon water reabsorp¬ 
tion. If any other substance simultaneously present in the blood 
and urine is concentrated to a lesser or greater extent than the 
standard of reference, this can only be a result of the tubular 
reabsorption or tubular excretion of the second substance. In the 
experiments cited above it might be assumed that the reabsorp¬ 
tion of glucose is completely blocked by phlorizin, thus satisfying 
the foregoing requirements. But doubt has been expressed that 
such is the case in the frog and Necturus, since the evidence 
indicates that phlorizin so injures the tubules that some glucose 
escapes by diffusion. Such has been shown to be the case in the 
frog by clearance studies, <7< and, apart from this circumstance, 
there remains the possibility that phlorizin may also impair 
tubular reabsorption or excretion of other substances, or indeed 
alter the filtration rate by action on the glomerular arterioles, and 
its use is therefore limited. 

In chapter ix the question of an ideal standard of reference for 
water reabsorption will be discussed in detail, but it is first 
necessary to consider the phenomena of tubular excretion. 

TUBULAR EXCRETION 

Evidence has been cited above that, in the frog, urea is excreted 
by the tubules in addition to being filtered by the glomeruli. The 
reality of the tubular excretion of other substances has been 
clearly demonstrated by numerous students of comparative physi¬ 
ology, and particularly by studies on the aglomcrular kidney of 
certain marine fishes (vide infra), and it is now known that tubular 
participation is involved in the excretion of a number of important 
substances in man. The only generalization that can be made is 
that tubular excretion of any substance is a possibility in any 
species and can only be excluded by examination. A discussion of 
the evidence on tubular excretion from comparative phjsioJogy 
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is therefore chieflj of historic interest andmaj be omitted bv the 
student who is pressed for time in favor of the specific problem 
of how to measure the filtration rate 

THE NUSSBAUM EXPERIMENT 

Much of the older evidence adduced for tubular excretion was based 
on experiments with the frog’s kidne) In 1878 Nussbaum proposed to 
take advantage of the renal portal circulation in the frog by ligating 
the aorta or the renal artery and injecting into the renal portal vein 
various substances the excretion of which he wished to follow In 1906 
Culhs improved the experiment bv the perfusion of the arterial and 
venous sv stems separate!) The original Culhs expen men t has beer 
modified to permit the perfusion of arteries, veins, or both, at definite 
pressures, b> one modification or another, many attempts have 
been made to obtain evidence on the relative function of the glomeruli 
and tubules, and an extensive literature has accumulated on this sub¬ 
ject ‘w-**** 

However, it has been shown b> Richards and talker, 1 ' 14 Hajman 
and others that the glomeruli are available to the portal perfusion fluid 
b> wa> of anastomoses within the kidne), and Kempton ,,# * has shown 
that after the renal artery is ligated the perfusion fluid can reach glo¬ 
meruli b> wa> of collateral arteries from the ureters Consequent!), an) 
experiment in which restriction of the perfusion fluid to definite parts 
of the kidnev is assumed must be interpreted with caution 

In addition to perfusion experiments, a large literature has accumu 
lated on the microscopic observations of the renal tubules during the 
excretion of d)es But all experiments in which d>es are demonstrated 
to be present in the tubule cells of glomerular kidne) s are suspect since 
the d)e may gam access to the cell b) way of the lumen D) es ma> also 
be taken up b) the tubule cells from the interstitial fluid without being 
excreted subsequentl) into the lumen, j e. their properties are such that 
they act as vital stains and are stored in the cell Consequent!), phe 
nomena of vital stamrog awd the mere ttwal extraotvow of d)es from the 
blood have an uncertain bearing upon tubular excretion «•»**■*«* ®~* 
Indeed, it appears that substances which are either excreted or re 
absorbed b) the tubules do not accumulate to an) detectable extent in 
the tubule cells—the) are whisked throueh with lightning bke raptditv 
Because of ther possible ambiguit), experiments such as those above 
will not be considered here. 
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THE AGLOMERULAR KIDNEY 

In 1902 Huot discovered that the kidne) s of certain marine telcost 
(bony) fishes contain no glomeruli, and subsequent investigations have 
considerabl) extended the list of aglomerular species In some familits 
of marine teleosts there ma> be numerous and well-developed glomeruli, 
in other families the glomeruli maj bever) feworverj poorl> developed, 
and in still others the) ma> be entirely absent 1408 In some fishes there 
are a few glomeruli that are functional in the )oung animal but de 
generate in the adult stage 839 843 

The evolution of the aglomerular hidnej in the marine teleost has been 
interpreted b) Marshall and Smith uo * ,9 ” 41,11 as an adaptation to h>dro- 
pema and oliguria associated with a sea water habitat Sea water is 
h>pertomc to the blood of all vertebrates other than the clasmobranch 
fishes, and the teleost fishes must obtain their water for urine formation 
by drinking the salt water and excreting the bulk of the salt through 
the gills at considerable cost in osmotic work Consequent!), water is 
excreted as spannglj as possible, and since glomerular filtration is the 
first step in water excretion—indeed the glomeruli appear to have been 
evolved in the vertebrates as an adaptation to their earl) fresh water 
habitat 1931 —glomerular function is reduced to a minimal level The 
aglomerular condition may be considered a terminal state in the pro 
gressive degeneration of glomerular function among the marine teleosts, 
and there is no reason to believe that the functional capacities of the 
aglomerular tubules * are essentiall) different from those of the glo 
merular kidne) 

In 1928 Marshall and Grafflin and Edwards** 1 undertook the 
functional examination of the aglomerular kidne) Marshall and Grafflin 
senall) sectioned the kidne) of the goosefish ( Lophtus ptscatoruu) and 
demonstrated that it can be considered to be trul) aglomerular, although 
it contains about I non functional, pseudoglomcrulus to everv 2000 
tubules \ little later the kidne) of the adult toadfish ( Opsamts fan) wav 
shown b) Grafflin “ s to be entirel) aglomerular, and Armstrong (pers 
com) has shown that a glomerulus does not develop in the embr>omc 
pronephros m either this species or the pipefish The whole function of 
this kidnc> is performed b) blind tubules made up of high or cuboids! 
epithelium possessing brush border and corresponding closclv to the 
proximal segment of the amphibian and mammalian tubule (plate m) 

It has a structure that points strongh in the direction of highlv special 
ized chemical operations, with nothing comparable to the filtration 

• In at least certain aglomerular forms onlv the proximal tubule is pTScnt ** 
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apparatus of the glomerulus The blood supplied to these aglomerular 
tubules is venous and probablj has a hjdrostaac pressure lower than 
the osmotic pressure of the plasma proteins, so that it is difficult to 
imagine how filtration could occur 

It has been shown in these studies of the goosefish, in Marshalls 
subsequent stud) of the toadfish, 1 " 1 -““ and in Edwards and Condor 
elh s rs stud) of the pipefish and sea horse, that the aglomerular kidnev 
can excrete most of the ordinary unnar) constituents water, creatine, 
creatinine, urea, uric acid, magnesium, sulphate, potassium, and chlonde, 
and, among foreign substances, iodide, nitrate, thiosulphate, thioc)anate 
and the d)es indigo-carmin, neutral red, and phenol red Estrogens, free 
or conjugated, are excreted in the urine of the aglomerular toadfish * 51 
It is obvious that the water of the unne must also be excreted bv the 
tubules of the aglomerular kidne) That this is the result of acme 
tubular transport is shown by the fact that the maximal unne secretion 
pressure in the toadfish mav be higher than that of the dorsal aorta and 
4 or 5 times the venous blood pressure (only venous blood supplies the 
kidne)) 157 

In view of this highly developed excretor) capacitj for «ome sub¬ 
stances, it is the more significant that the aglomerular kidne) is unable 
to excrete certain other substances, among which are ferrocvanide, 
glucose, 1 ”* u **- ,w * and the dve c)anol, I01 ‘ (all of which are readiiv 
excreted b) the glomerular kidne) s of other animals) and albumin,” 1 
which, under certain circumstances at least, is excreted b) glomerular 
kidne> s Even w hen large doses of glucose are giv en to raise the blood 
lev el, along with maximal doses of phlorizin, the unne of the aclomerular 
fish remains glucose free Subsequent investigations have shown that 
X)lose,” u<r * lactose, 11,4 sucrose, 1 ** 1 and inulin, 17 B,1H * all of which are 
readily excreted b) glomerular kidne) s, are not excreted b) the aclo- 
merular kidney 

The aglomerular kidne) shows the phenomenon of a ‘threshold in 
the sense that chlonde maj disappear from the unne under some condl 
tions and under others it maj be present in large amounts Other 
substances (creatine, phenol red sulphate, magnesium) ma> be present 
in the unne in concentrations manv times the simultaneous concenrra 
tions in the plasma, a circumstance requmng the expenditure of enenr) 
in the excretor) process, energy which is presumably demed from the 
metabobsm of the tubule cells The rate at which phenol red and creat 
mine can be excreted b) the toadfish kidne) has an upper limit, 1 ” t,a 
impi) mg phvsioloeical limitations in the excretor) mechanism that 
would not be present in a simple process of ultrafdtrauon Certain 



Plate III Aglomcrular kidney of the toadfish Ofsanui tau The aglomcrular 
tubules which consist entircl) of the prox nnl se-nncrit are separated from each 
other b) l>mphod tissue the function of s htch is unknown The oibo dal na 
ttirc of the cells \ Inch are essentnll) un fonn throu^! out the tul ule is panic 
ularly to be noted as contraind ratine a process of f Itration such as occurs in 
the cap liars tuft of the glomerular kidne) 
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excreted substances (magnesium, sulphate, creatinine, etc ) induce an 
increased excretion of water during the course of their excretion 1,0 Ul 

It might be supposed that substances could diffuse into the lumen of 
the aglomerular tubule at one point and then be concentrated b> 
reabsorption of water at another point, but the structure of the tubule 
is inconsistent with this idea, the cells being high, cuboidal epithelium 
and essentiallj uniform throughout its length The idea of diffusion is 
further controverted bj the inability of the aglomeruhr tubule to excrete 
certain very diffusible substances, such as glucose, xjlose, ferrocyan de, 
etc, all of which are readily excreted b> the glomerular kulne> It must 
be concluded that the aglomerular tubule can withdraw certain normally 
occurring waste products, as well as many foreign substances, directly 
from the blood, by more or less specific processes of cellular transfer and 
can then excrete them into the lumen Other substances (carbohydrates, 
etc ) cannot be so excreted, the permeability of the tubules being so 
low that no significant quantity of such substances diffuses across the 
cells to appear m the urine 

In the aglomerular fishes studied, only one tubular segment is present, 
it has the same cy tological structure as the proximal tubule in mammals, 
and indeed the proximal segment of the nephron is considered to be 
homologous in all \ertebrates 

IS VITRO CULTURES OF THE RENAL TUBULE 

Chambers and Xempton ** s - m ha\e shown that the tubules of the 
mesonephros of the chick, and of the metanephros of the three and a 
half month-old human embryo can be cultured in afro During the first 
few hours of incubation, the open ends of fragmented proximal tubules 
become closed and the lumen gradually becomes distended with fluid, 
forming a spherical or elongated cast When phenol red or certain other 
dyes are added to the culture medium in small amounts, the dye is taken 
up by the tubule cells and discharged into the fluid of the distended 
lumen in high concentration There is no storage of the dye in the 
tubule cells during this process of excretion When the dse is injected 
directly into the lumen, no detectable quantity of it is taken up by the 
cells, even though the lumen is dilated by the force of the injection The 
absence of a glomerulus or any aperture through which the dsc might 
enter the scaled tubule, the fluid of which mas actually be under pres 
sure, the transportation of ds c from a low concentration to a high con 
ccntration, and the unidirectional transfer of solute (which perhaps 
merely reflects a tendency to estalhsh a high concentration gradient 
between plasma and urine) afford a direct \ mi a! nation of the process 



3^ STUDIES ON INDIVIDUAL NEPHRONS 

of tubular excretion This phenomenon is display ed only by the cells of 
the proximal tubule, the distal tubule shotting no capacity to excrete 
phenol red or other dyes 

Lowering the temperature of the culture to between 3 and 6° C stops 
the tubular excretion of both water and phenol red, as also do hvdro- 
cjanic acid, hvdrogen sulphide, anoxia, and sodium rodoacetate, but 
carbon dioxide has little effect The pH of the cyst fluid in which the 
phenol red is concentrated is greater than 8 o, while the cy toplasm of 
normal tubule cells appears to be nearlj neutral, pH 6 8 ± o 1 The cyst 
fluid, which accumulates under slight positive hydrostatic pressure, is 
normally moderately hypotonic to the protein free culture medium, and 
its formation is accelerated b\ the presence of phenol red or magnesium 
sulphate in the medium, recalling the diuresis produced by similar 
compounds in the aelomerular fish M w-.nu 

Van Deen and De Haan °* 7 have confirmed the tubular excretion of 
phenol red by the chick metanephros and hav e extended the observations 
to trypan blue, w hich apparent!) diffuses throuch necrotic cells to accum 
ulate in the tubular urine b) combination with protein 

Forster r9 and others ,sn have employed w vitro preparations of fish 
kidney (sculpin flounder trout) and of the kidney of higher animals in 
the stud) of the transport of phenol red using micromethods for the 
determination of the concentration of the d)e in the lumen The method 
is particular!) advantageous for studies on the phvsiological and bio¬ 
chemical nature of cellular transport s) stems In the sculpin the nephron 
is composed entirel) of the proximal segment, as in the aglomerular 
fishes 

Little is known about the nature of this tubular transport s)stem 
There is no reason to believe that the energ) of the circulation can be 
used for tubular excretion, and it must be inferred that this energ) is 
supplied b) the metabolism of the tubule cells Unlike tubular reabsorp- 
tion which involves a number of independent transport S) stems, tubular 
excretion apparentl) involves onl) two, since so far as is known all 
substances excreted by the tubules mutually depress the excretion of 
other substances in one of these two groups by competition within the 
transport s) stem 



CHAPTER III 


Measurement of the Filiation Rate 


THE CONCEPT OF RENAL CLEARANCE * 

It will facilitate subsequent discussion if at this time we introduce 
the concept of renal clearance, an expression tint has come into 
widespread use as a quantitative description of the rate at which 
the kidney excretes various substances relative to their concen¬ 
tration in the plasma 

If U x is the concentration of x in each cc of urine and V is the 
rate of urine formation in cc/min , then U X V = the rate of excre¬ 
tion of x in mg/min If P x is the concentration of x in each cc of 
plasma, then U X V/P X = the volume of plasma required to suppl) 

*Hie term clearance’ was first used in connection with the excretion of urea 
b> Moller, McIntosh, and k an SI)hc, , ‘*‘ who defined it as the volume of blood 
that J minutes excretion of unne suffices to clear of urea (IA/B) Since all 
the blood flowing through the hidnejs is partiallj cleared of urea, this is of 
course a virtual rather than a real volume Moller, McIntosh, and \an Sljke 
did not attempt to explain the urea clearance in terms of an) particular process 
in the hidne) The) were prmanl) interested in obtaining a mathematical 
expression to describe the capacit) of the diseased as compared writh the norma! 
kidne) to excrete urea, an 1 it appeared that when the unre flow exec'-del a 
certain minimal rate, or augmentation limit, the urea clearance was fatrl) 
constant m an\ one individual and independent of the rate of urine format on 
However, it is convenient to d ssooate the etneept of clearance from this 
historical connection with urea, and, snee uj?», when the term was cx’en^cd 
t) Jolhffe and Smith ir ‘ to the cxcret on of creatin ne, it has been wide!) used 
to descnl e the excretion of other sul stances 
39 
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the quantity of x excreted in each minute’s time. The expression 
UxV/Px (or, as it is commonly written for brevity, UY/P) is 
called the plasma clearance of x. Alternatively, we may say that 
UV/P, or the clearance of any substance, is the virtual volume 
of plasma completely cleared of that substance in one minutes 
time.* 

To take specific data for illustration, the plasma contains 93 
per cent water, and the average rate of water excretion (urine 
flow) in man is about 1 cc/min. (UC = 1.0); hence we may say 
that 1.0/0.93 or *-°7 cc * °f plasma are cleared of water per 
minute. When, under conditions of constant plasma concentration 
and accurate urine collection, the excretion of other substances is 
examined, it may be found that in one subject 10 cc. of plasma 
are simultaneously cleared of sulphate, 20 cc. of potassium, 67 cc. 
of urea, 130 cc. of mulin, 450 cc. of phenol red, and 660 cc. of dio- 
drast per minute. 

These figures tell us nothing about how these substances are 
removed from the plasma into the urine, whether by filtration 
plus tubular reabsorption, filtration alone, or filtration plus 
tubular excretion. Thus we come to the problem posed in the 
preceding chapter—the need for some substance that is com¬ 
pletely ultrafiltrable through the glomeruli and is neither re¬ 
absorbed nor excreted by the tubules. Given such a substance, 
F (for filtration), then the plasma clearance of F will be identical 
with the filtration rate; if there is 0.10 mg. of F in each cc. of 
plasma, and if 130 cc/min. of plasma are filtered, 13 mg. of F per 
minute will pass mto the glomerular filtrate and, undergoing no 
reabsorption or addition, wall appear in the urine; i.e. UrV = 13 
mg/min., and UyV/Pp = 130 cc/min. Thus the plasma clearance, 
C, of this substance (Cr) will be equal to the filtration rate. 

* The concentration of x in eck'le blood, or the —hole llocdclearance (U^ /B), 
should not be used unless x penetrates the red cells and, as the blood traverses 
the kidness, the red cells are s'multaneously comp’c'elj cleared of x, wh’ch is 
true of no known substance. If the red ceils are partially cleared by x, a correc¬ 
tion factor may be applied to the plasma clearance, bnt actually there is no 
important instance known in man where any substance is removed even in 
part from the red cells dunrg passage throuzh the kidney. Only the plasma w 
'cleared' bv glomerular filtration, and in general oil) the plasma is cleared by 
tubular excretion, and hence plasma clearances are always to be pre/erred- 
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This inductive argument is simple and obvious enough, though 
actually nearly ioo years of renal physiology elapsed after Ludwig 
propounded his theory of glomerular filtration before the argu¬ 
ment was set into words or put to experimental examination. The 
reason for the delay is clear: there were no biochemical methods 
applicable to small quantities of blood throughout most of this 
period, and the methods applicable to urine were relatively few. 
Until Bang, Folin, Benedict, Van Slyke, and others developed 
microanalyticai methods to be used on protein-free plasma 
filtrates, renal physiologists were largely restricted to studying 
the volume, specific gravity, and freezing point of the urine. With 
each increment in analytical technique and factual knowledge the 
principles underlying renal physiology took clearer form, until 
it was recognized that a precise, quantitative method of measuring 
the filtration rate was not only a possibility but a necessary 
attainment if progress were to be made in this field. The first to 
appreciate this fact was Rehberg, ,m who in 19Z6 recommended 
exogenous creatinine for this purpose, on the grounds that this 
substance was concentrated in the urine to a greater extent than 
any other known substance. Subsequent work, however, has 
demonstrated that creatinine is in part excreted in man by the 
tubules. Within the past 15 years numerous substances have been 
studied in a variety of animals and man, and although creatinine 
is satisfactory in most mammals, the choice standard of reference 
is, for a number of reasons, the pol\saccharide inulin mentioned 
above. 

MEASUREMENT OF RENAL CLEARANCES 
For the determination of a consecutive series of renal clearances, 
the substance under examination, if foreign to the body, must be 
administered first in a priming dose to establish approximately 
the desired plasma concentration, and then at a constant rate 
by intravenous infusion to keep the plasma concentration at the 
desired levels. Some substances, the renal clearances of which 
arc not too high (creatinine), may be given subcutaneously in 
dogs and small animals. In the dog and man it is desirable to 
insert a retention catheter in the bladder and to collect urine 
throughout carefully timed intervals (10 to 15 min.), the bladder 
being emptied by suprapubic pressure and if necessary rinsed with 
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measured volumes of saline introduced by syringe, the last of 
the urine or rinsing fluid being expelled by 10 or 15 cc. of air. 
(Rigidly sterile technique should always be used in man and male 
dogs, but is unnecessary in female dogs, which are highly resistant 
to bladder infection.) Samples of blood are drawn at more widely 
spaced intervals (c.30 min.) and centrifuged at once. Diuresis is 
generally induced by the oral administration of tap water (up to 
1 liter in man or 100 cc/kg. in dogs in 2 doses) 45 to 60 min. before 
the first urine collection period. If the bladder is rinsed, as is 
always desirable when the urine flow' is small, the volume of 
washout fluid is deducted from the total volume in order to 
calculate the true unne flow, V, and the washout dilution is 
incorporated with subsequent laboratory dilutions in the calcula¬ 
tion of the true urine concentration, U-* 

After analysis, the observed plasma concentrations are plotted 
on semi-loganthmic paper against time and the precise values 
(P) at 2.5 to 5 min. before the middle of each urine collection 
period are determined by interpolation.f This 2.5 to 5 min. 
correction (delay time) is to allow for the time elapsing between 
the collection of a peripheral sample of blood (usually venous) 
and the arrival in the bladder of urine formed from that blood. 
The clearance of any substance is then calculated by the formula, 

UV/P. 

Because of differences in the development and functional ac¬ 
tivity of the kidnejs m different individuals, it cannot be ex¬ 
pected that the clearance of any substance will be the same in 
two individuals, nor will one individual show the same clearance 
for any substance under all circumstances. Hence in comparing 

* A major source of error m the clearance method lies in the difficult} of 
emptying the bladder completely, or of knowing the exact moment at which 
emptjing is achieied. These difficulties introduce random errors in the V terra, 
so that the figure for one clearance period may be slightlj low and the nextonc 
sbghtly high. . 

t The true mean concentration, where dP/dt is exponential, is actually 

Pi-Ps 
, Pi 

2 3 log — 

but for most purposes graphical interpolation is adequate. 
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the excretion of two or more substances, it is necessary, even 
under the best physiological conditions, to observe simultaneous 
clearances. Since errors in the V term affect all simultaneous clear¬ 
ances proportionally, it is advantageous when comparing the 
excretion of two substances to consider the clearance ratio , which 
has the effect of cancelling out the V term and the errors asso¬ 
ciated with it: 

U»V 7 U a V = U, /Uj 
Pi / P* * Pi/ P* 

Wherever two clearances are compared, or wherever a clearance 
ratio is cited, it is understood that the clearances are determined 
simultaneously . Though the clearance of any substance may be 
used as a standard of reference, it is logical to take the glomerular 
clearance (inuhn clearance in man, inulin or creatinine clearance 
in the dog) for this purpose. 

Absolute values of renal clearances are not highly significant 
except when they are the average of several consecutive periods 
(3 is a good number), and even in the same individual the average 
clearances must be interpreted with caution pertinent to the 
interpretation of biostatistical data of any kind. 

It is unnecessary to describe here the chemical procedures used 
for the analysis of the plasma and urine, which should, of course, 
be adapted to yield the highest possible accuracy.* To illustrate 
a specific example, a series of urea, inulin, and p-aminohippurate 
(PAH) clearance determinations in a normal man are summarized 
in table 1. No urea was administered because there was a sufficient 
concentration of this substance already present in the plasma. 
Without for the moment dwelling upon the absolute values of 
these clearances, attention is called to the fact that they differ 
markedly in magnitude. To apply the definition of clearance, it 
may be said that the average minimal (or nominal) volumes of 

* Detailed protocols for the measurement of the filtration rate, renal blood 
flow, and diodrast of p-aminohippurate Tm in man are given b> Gotdrtng and 
Chasis ™ and Chasis, Redish, Goldnng, Ranges, ami Smith/** The application 
of the clearance method to the dog is described b\ Smith, Finkelstcin, Ahminosa, 
Crawford, and Graber.*" 7 The anal>tical methods now in use in the writer's 
laboratory for PAH are gn cn by Smith el a!. xtr No inuhn method is perfect, but 
the two now in use are the diphen)!aminc method m and a modification of the 
Roe resorcinol method. 1 *" 



Simultaneous Urea , limit it, and p Amtnohtppnrte Acid (PAI 1 ) Clearances in a Normal Man 
(All cleinnccs ind V corrected to i 73 «1 m suffice ircn Su! jeer drink 1000 cc of witer between -92 ind -61 mm ) 
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plasma required to supply the excreted urea, inulin, and PAH 
were, respectively, 74.5, 136, and 717 cc/min.* 

PHYSIOLOGICALLY POSSIBLE EXCRETORY OPERATIONS 
The actual value of the renal clearance of a particular substance 
reveals nothing about the physiological operations by which it is 
excreted. But the very fact that the clearances of various sub¬ 
stances do differ reveals that the kidney must handle these 
substances by different means. Excluding chemical transforma¬ 
tions, such as deamination, oxidation, etc., with which we need 
not be concerned at the moment, the excretion of a particular 
substance might in theory be effected b> filtration alone, filtration 
plus tubular excretion, or filtration plus tubular reabsorption. 
Let us consider, first, a substance that is completely filtered 
through the glomerulus; in spite of the fact that this substance 
is present in the glomerular filtrate, if the tubules completely 
reabsorb it, its clearance will be zero (see A in fig. 6). If the extent 
of tubular reabsorption is progressivelj decreased, the substance 
will appear in the urine in progressively larger quantities and its 
clearance will increase (B and C) until, if there is no tubular 
reabsorption at all (F), the clearance (C*-) will be equal to the 
rate of glomerular filtration. On the other hand, if a substance is 
excreted by tubular activity in addition to being filtered, its 
clearance will be greater than the rate of filtration by an amount 
equal to the extent of the tubular clearance (V, W, X). Obviously 
there is an upper limit to the possible range of clearance values 
because, excluding storage in the tubular cells, the kidnejs cannot 
excrete more of a substance in any period than is brought to 
them by the blood; the upper limit of renal clearances is therefore 
equal to the (effective) plasma flow through the total excretory 
tissues of the kidneys. 

Thus, if each cc. of plasma contains 1 mg. of X, and if 700 cc. 
of plasma flow through renal excretory tissue each minute and 
are completely cleared of X (X being concurrently excreted in 
the urine), then 700 mg. of X will be excreted each minute and 
UV/P will equal 700. (The effective renal plasma flow divided 

• In the publication of data it is conventional to omit urine concentration*, 
since these can l>e calculated from the recorded values of P, V, and UV/P. 
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by the per cent plasma in the blood gives the effective renal blood 
flow.) Actually all tjpes of substances mentioned are known; in 
man, A might be glucose; B, vitamin C; C, urea; F, inulin; V, 
creatinine; W, phenol red; X, p-aminoh : ppurate. 



The fraction of any substance removed from the renal plasma 
during one circulation through the kidney is given by (A — V)/A, 
where A and V are the concentrations in arterial (or sjstemic 
venous) and renal venous plasma, respectively. This fraction is 
called the plasma extraction ratio * The extraction ratio of X (for 

* When dealing with a substance such as urea, which penetrates the red cells, 
the extraction ratio will depend on the hematocrit and the cell;plasma ratio. 
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active excretory tissue) in the example above would be i.o, and 
for all other compounds less than i.o. 

The ratio of glomerular filtrate and effective renal plasma flow, 
or Cf/Cx> will represent the fraction of plasma (measured as a 
virtual volume of plasma and not as water per sc) that is filtered 
through the glomeruli, or the filtration fraction . 

THE INULIN CLEARANCE AS A MEASURE OF GLOMERULAR FILTRATION 
A standard of reference suitable for measuring the glomerular 
clearance must fulfil certain specifications: 

1. It must be completely filtrable at the glomerulus; i.c. its 
molecular size must not be so great as to prevent its passing 
through the glomerular membrane, and it must not combine with 
or be absorbed by the plasma proteins, which are themselves 
un filtrable. 

2. It must not be synthesized or destroyed by the tubules. 

3. It must not be reabsorbed or excreted by the tubules. 

4. It must be physiologically inert, so that its administration 
does not have any disturbing effect upon the body, and particu¬ 
larly upon the kidneys. And it must of course be of such a nature 
that its concentration in plasma and urine can be determined 
accurately. 

In regard to (i), numerous lines of evidence indicate that the 
upper limit of permeability of the glomerular membranes in mam¬ 
mals may be set at a molecular size somewhat under the plasma 
proteins (see ch. vih). The filtrabiiity of any substance can be 
demonstrated experimentally by ultrafiltration through collodion 
or other suitable membranes impermeable to the plasma proteins. 
When plasma itself is ultrafiltered, this method reveals adsorption 
on the plasma proteins, if such exists. 

Exclusion of (2) is simple in the case of compounds that arc 
wholly foreign to the body. Renal synthesis of compounds nor¬ 
mally present in the urine is in some instances, such as ammonia, 
revealed by a clearance approximating or exceeding the renal 
plasma flow. 

Exclusion of gross toxic action is also simple, and effects on the 
renal circulation can be excluded with reasonable confidence by 
reference to other clearances. 
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It is in regard to tubular reabsorption and tubular excretion 
that the greatest difficulty is encountered, for there is no way to 
examine these processes directly either in single nephrons or in 
the intact animal, and all conclusions must be based upon the 
relative behavior of several substances under a variety of condi¬ 
tions. 

The evidence is now convincing that inulin fulfils the specifica¬ 
tions for measuring glomerular filtration in all vertebrates. Since 
in the nature of the case this evidence must consist of a compara¬ 
tive study of the clearances of various substances, it will be con¬ 
venient to defer detailed discussion until chapter ix. Because 
various substances have been used to measure the filtration rate 
(inulin, mannitol, thiosulphate in man, and creatinine, in addition, 
in the dog) it is convenient to indicate any acceptable, pure 
filtration clearance as Cp. 

HISTORICAL VOTE OV THE USE OF CARBOHYDRATES AS 
INDICES OF GLOMERULAR FILTRATION 
When the author and his coworkers undertook to discover a substance 
that would fulfil the specifications for the measurement of the filtration 
rate, they were guided bv the following a pnon considerations. Since 
it had been shown that the tubules of the aglomerular kidney can 
excrete magnesium, sulphate, chlonde, creatinine, uric add, phenol red, 
etc., it had to be assumed, in the absence of evidence to the contrary, 
that the tubules of other animals might also be able to excrete these 
and perhaps related substances. On the other hand, the fact that the 
aglomerular tubules cannot excrete glucose, although it does not prove 
that this substance cannot be excreted by glomerular tubules, offered a 
promising line of investigation. On broad principles it may be supposed 
that, being a food and not a waste product, glucose has been conserved 
b> the vertebrates throughout their evolution, and at no time con¬ 
tinuously excreted from the bodv. Consequent!}, the tubules have never 
been called upon to excrete it and they remain incapable of doing so. 
The presence of glucose in the urine of glomerular kidneys during hyper- 
glycemia or after the administration of phlorizin could well be attributed 
to incomplete reabsorption from the glomerular filtrate. Inasmuch as 
glucose is normally reabsorbed by the tubules, it can itself furnish no 
evidence on the rate of glomerular filtration unless the reabsorptive 
process is blocked by phlorizin; but since this drug may block other 
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tubular processes its use is of dubious value It seemed, however, that 
if glucose were not excreted b) the renal tubules other sugars might 
not be excreted by them, and that among the metabohcally inert carbo 
hydrates one or more might be found that was not reabsorbed, as was 
this physiologically important foodstuff W ith this thought cxamina 
tion was begun of the excretion of non metabolized carbohydrates, 
xylose, sucrose, and raffinose, in normal and phlonzmized animals, in 
relation to the simultaneous excretion of urea, creatinine, etc The 
evidence is now convincing that, in the glomerular as in the aglomerular 
kidney, these substances are not excreted by the tubules, but the infer 
ence that there would be no tubular reabsorption has proved to be 
incorrect Earlier investigations ,w * ,m indicated that xvlose was not 
reabsorbed in the normal animal, but this conclusion had to be modified 
when the investigations were extended to inulm and it was found that 
the inulin clearance in normal animals is about 25 per cent higher than 
the simultaneous xylose clearance (see ch ix) It is now thought that 
this discrepancy between the xylose and inulm clearances is due to the 
entanglement, so to speak, of the former in the glucose reabsorptive 
mechanism since the discrepancy is remov ed by phlorizin 

Experiments with inulm were begun independently by Richards, 
Westfall, and Bott ,r, ° shortly before our own investigations were started 
In both laboratories the line of investigation was directed by the desire 
to obtain a very large molecule in order to minimize tul ular diffusion, 
so that the tubular reabsorption of water could be measured as accu 
rately as possible 

PROPERTIES OF INULIV 

Inulm is a starch like polymer, consisting principally of fructose, 
which is almost insoluble tn cold water Inulin dissolves readily 
in hot water, however, and, on cooling, forms supersaturated 
solutions that may be administered intravenously After mtra 
venous administration in dogs and man it is rapidly and com¬ 
pletely excreted in the urine, 17 m»«mw* Schwartz, Schachttr, and 
rrcinkel l,u found that over 95 per cent of the total amount 
recovered in 24 hr is excreted in 9 hr There arc no cnzvmes in 
the blood capable of hydrolvzing it,* and it is probably excreted 

• l.aml otte and Rosa (pm. com ) report that mul n doe* not penetrate the 
placental or amn ot c mcmt ranc» except during labor 
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in the urine quantitatively, except for traces that may be excreted 
in the bile-* ,c,e 

When properly prepared, inulin is physiologically inert and 
non-toxic in doses required for physiological investigations, even 
on repeated injection, 1 ” 0 and its intravenous administration in 
man produces no detectable change in renal function, circulation, 
etc., in doses as large as 160 gm. Commercial preparations, and 
even material that has been repeatedly recrystallized from water 
and ethanol, may contain considerable quantities of pjrogen, 
which in large doses will induce extreme fever and serious circu¬ 
latory disturbances; and before use in clearance work, and par¬ 
ticularly before administration to man, all inulin preparations 
should be tested carefully for pyrogenic action.f 

The true molecular weight of inulin is about 500o, 1177 showing 
that it contains about 32 hexose molecules. This large molecular 
weight is important because it results in low' diffusibility; actually, 
the diffusion coefficient of inulin is considerably Jess than would 
be expected from its molecular weight, because of the fact that 
it is a very elongate molecule and elongation increases the effective 
radius under conditions of random orientation. The effect of 
elongation in the case of inulin is such as to produce a diffusion 
coefficient equivalent to a molecular weight of about 15,000.** 
The diffusion coefficients of several substances of physiological 

♦This point is important, not because it shows that the material is not 
metabolized, which would make no difference in renal clearance studies, but 
because it excludes the possibility of lower, reabsorbable polymers in the plasma. 
Such lower polymers a-e formed b) the action of blood amylase after the injec¬ 
tion of low molecular-weight starches, a fact that precludes their use for renal 
function studies (unpubl obs ) 

t This pvrogen is of bacterial origin and appears to accumulate in the dahha 
tubers before processing The contamination of inulin by pyrogen has been a 
most disturbing factor in its use, for purification has proved to be relatively 
difficult and has retarded its commercial preparation. The dose of i&Sgm. men¬ 
tioned in the text was obtained from a 10 lb. lot that had had no special treat¬ 
ment, this 160 gm. dose, the first to be administered to man, was taken bv Dr. 
Shannon with no subjective reaction whatever. After 41 other clearance tests 
using this original lot, with no reaction, a new lot proved to be dangerously 
pj rogenic No other non-pyrogenic commercial preparation that has not had 
special treatment has ever been obtained bv the author’s laboratory. Artichoke 
mulin has not been commercially available in this coimti}-.= in: -* ! *-'*' ,st * u,m,,M 
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interest are shown graphically in figure 7.* Hemoglobin fails to 
pass through the glomerular membranes, presumably because of 
its large molecular size. Since the diffusion coefficient of lnuhn 
is only twice that of hemoglobin, it would appear that, for the 
purpose of reducing diffusion, little can be gained by seeking a 
molecule larger than inulin 



riGVBT 7 Tht diffusion coefficients at 37 0 C of substances of siological in¬ 
terest (Bumm, Smith, and Smith iK ) 


Hendrix, Westfall, and Richards '** have shown that inulin 
passes into the capsular fluid of frogs and Necturi in the same 
concentration as it is present in the plasma. Shannon and Smith ,m 
have shown that it is complete!) /titrable from human .and dog 
plasma through collodion membranes, showing that it is not 
bound to plasma proteins, and it is amenable to accurate chemical 
anal) sis. 

Exogenous creatinine is excreted by the tubules in man and the 
anthropoid apes, the chicken, and many cold-blooded animals, 

Mlmtm tr a! note that extrapolation of data given b> Ohoexn indicates a 
diffuson coefficient of C.S9, 051, 0J3, o 15, and o 1: for aralunose, malms*, 
lactose, dextrin, and starch, resj'ectivclv. 





5 - MEASUREMENT OF THE FILTRATION RATE 

but it will be shown in chapter ix that the creatinine and inulin 
clearances are identical in most mammals, and for practical 
reasons this substance is generally used in the dog, rabbit, cat, 
etc., in place of inulin. 

GLOMERULAR CLEARANCE 

In man and the dog the rate of glomerular filtration is relatively 
constant, under standard conditions, and independent of the urine 
flow. The renal blood flow may vary considerably from day to 
day in both species, but the renal circulation is highly autonomous, 
effecting its own adjustments independently of the centra! nervous 
system, and it tends to be quite stable under standard conditions. 
The mechanism of the glomerular circulation is such that, by 
differential constriction of the afferent and efferent arterioles, 
glomerular pressure and hence the filtration rate are maintained 
nearly constant within a wide range of renal blood flow. Hence 
the filtration rate is even more stable than the renal blood flow. 

Data showing the filtration rate at various urine flows in man 
and the dog are given in figures 8 and 9.* In the data on 
each point represents a single clearance period of 10 to 40 min. 
duration, the observations being made in groups of 5 to 10 at 
about weekly intervals under standard conditions (i.e. before 
breakfast, with the subject recumbent in bed, and after hydration 
by a liter of water 60 to 90 min. before the first clearance period). 

A wide range in urine flows was obtained by keeping the subject 
on a low or high water intake and bj the administration of vary¬ 
ing quantities of water on the morning of observation. The data 
in figure 9 are from Shannon's ,,i# study of the dog, in which the 
creatinine clearance was used as a measure of the filtration rate. 
Except for the fact that the dog cannot be observed under as 
constant, standard conditions as can man, the arrangement of the 
experiments was much the same. Slight variations in clearances 
from period to period may be attributable in part to errors in the 
collection and timing of urine samples or to analytical errors. 

* The simultaneous urea clearances are trcladed m these figures to show that 
they behave in a manrer roughly parallel to the inulin clearance. The fact that 
the urea cleararce is lower than the inulin clearance reveals that a considerable 
fraction of the filtered urea is reabsorbed by the tubules (ch. rv). 
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In both man and the dog, the rate of glomerular filtration at 
low urine flows, obtained under conditions of dehjdration, tends 
to decrease probably because of a decrease in the volume of 
extracellular fluid below the average level to which the filtration 
rate seems normally to be physiologically adjusted. At very high 
urine flows, obtained under conditions of excessive hydration, the 



Ficuxe 8 . Simultaneous inulin (above) and urea clearances (below) in man at 
constant or decreasing urine flows (Chasis and Smith ***) 


filtration rate tends to increase above the average, probably 
because of expansion of the extracellular fluid. The important 
question is whether or not these changes in filtration rate between 
oliguria and extreme diuresis are an intrinsic part of the mecha¬ 
nism of diuresis. With a filtration rate of 130 cc/min. in man, only 
small variations, scarcely bejond experimental error, would be 
required to account for a change in urine flow from 1 to 5 or even 
10 cc/min. The answer to this question in the minds of most 
investigators hm j 5 no , for the following reasons: 

a. It is possible by careful changes in hydration to vary the 





UaiNE FLOW CC/SO-M. PER MINUTE 

Figure 9 Creatinine and urea clearances in the dog, m relation to urine fiw, 
as observed when the latter ts constant or decreas ng. Each point is a s-ngle 
clearance period uncorrected for surface area (sic) The upper dara represent 
creatinine clearances, the lower data urea clearances. The circles in the lower 
data represent urea clearances in the absence of administered creatinine, the 
dots urea clearances in the presence of administered creatinine. The data were 
obtained on a low protein diet- (Shannon ,C5 ) 


b. The urine flow varies throughout the physiological range of 
diuresis in response to varying hydration, regardless of the 
absolute value of the filtration rate- This is particularly evident 
in the dog, where the filtration rate may be increased by 60 per 
cent or more on a high as compared with a low protein diet, 
without influencing the phenomenon of water diuresis. 

c. A highly specific mechanism in the pituitary gland (involv¬ 
ing the secretion of the antidiuretic hormone) controls the urine 
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flow throughout the normal diuretic range and operates inde¬ 
pendently of the filtration rate, over which it has no demon¬ 
strable control, by regulating the quantity of water reabsorbed 
by the renal tubules, regardless of the value of the filtration rate. 

The filtration rate under standard conditions is fairly constant 
in normal subjects; one hospitalized but otherwise normal subject 
who was examined 15 times in a period of a year showed an 
extreme range of 113 to 137 cc/min. with a mean value of 122 cc. 1 ” 1 

The average rate of filtration in man corrected to standard 
surface area (1.73 sq. m.) * is 127 cc/min. (ch. xvii). Out of this 
127 cc. of filtrate a large fraction (some 85 per cent) of the water 
is normally reabsorbed by a passive process in the proximal 
tubule (obligatory reabsorption), leaving only a small, variable 
quantity (some 15 per cent or 20 cc/min.) to be excreted as urine 
during maximal water diuresis (facultative reabsorption). In the 
absence of excessive hydration, most of this facultative water is 
reabsorbed, reducing the urine flow to (on the average) 1.0 cc/min. 
During extreme dehydration, complete reabsorption of water 
(anuria) is prevented by the osmotic activity of non-rcabsorbed 
solutes contained in the urine. 

The two human kidneys on the average contain nearly 2,000,000 
glomeruli (ch. xvii),* 111 each having an average volume of 0.0042 
cu. mm. It follows that, in each glomerulus, about 0.001 cu. mm. 
of filtrate is formed per second, or 25 per cent of the volume of 
the glomerulus. This is close to the upper limit of the rate of 
filtration in the capsule of the frog, as observed by the micro¬ 
collection method. 171 * If we take 1200 cc/min. as the Mood flow 
through the two kidneys, 0.01 cu. mm. of blood, or an amount 
about 2.5 times the volume of the glomerulus, must flow through 
each glomerulus per second. Book m has calculated that the total 
filtration area in the two human kidnejs is 0.76 sq. m. (as com¬ 
pared with Vim trap's * ,u estimate of 1.56 sq. m.) or nearly half 
the average body surface area in man (1.73 sq. m.). Taking renal 
plasma flow as 655 cc/min., some 12 cc. of plasma arc circulated 
per second over a filter that has a surface area of 0.76 sq. m., 
giving a lajer of plasma virtually 0.015 mm * deep. It is not diffi- 

•The a\ crape surface area of men anJ women of 25 )ear* of a£e. Tot ditcti*- 
s’on of this correction, see chapter xs n. 
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cult to imagine that, under an effective pressure of 20 mm. He, 
2 cc. of water could be filtered through this large expanse of 
endothelium per second. It amounts to no more than i drop per 
second through a membrane 8x8 cm. Using the above figures 
and taking 300 gm. as the weight of the two kidneys, the rate 
of filtration per gm. of tissue is only some 200 times the rate of 
filtration per unit of differential pressure in the perfused hindlimbs 
of cats and dogs. 1 * 74 Taking the total glomerular volume in the 
two kidneys as 8.4 cc., the rate of filtration (2 cc/sec.) is about 
one-fourth of this volume per second. 

The indirection of the filtradon-reabsorprion mechanism has 
some rather surprising consequences. At the rate of 130 cc/min., 
187 liters of water are filtered from the plasma per day, which is 
over 50 times the volume of plasma in the body, or 15 times the 
volume of extracellular fluid. From this quantity of filtrate the 
renal tubules must reabsorb 185.5 liters of water and something 
like 11co gm. of sodium chloride, 425 gm. of sodium bicarbonate, 
and 150 gm. of glucose, not to mention considerable quantities 
of phosphate, amino acids, vitamins, etc., in order to excrete a 
meager total of 60 gm. of urea and other waste products in 1.5 
liters of urine. The total work done by the kidney is roughly 
proportional to the quantity of fluid reabsorbed; if no reabsorption 
occurred, i.e. if 187 liters of glomerular filtrate were excreted per 
day, the kidney would be required to do no work at all; all the 
energy would be supplied by the heart in effecting the separation 
of the 187 liters of filtrate against the osmotic pressure of the 
plasma proteins and in pumping it against the viscous resistance 
through the glomerular membranes and down the tubules into 
the bladder. The lower the urine flow and the more differentiated 
the unne, the greater is the work the kidney has to perform. 

PERFUSION' EXPERIMENTS 

Attempts to verify and explore the Ludmg-Cushny theory have until 
recent jears taken the form of perfusion experiments using the Starling 
heart Jung preparation or some modification thereof. Many factors, and 
chiefly vasoconstrictor substances, such as serotonin, 1485 appearing in 
shed blood complicate such experiments, and since the literature has 
been extensively covered by Marshall U55 and Winton,— M it t'fll not be 
reviewed here. 
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SINGLE INJECTION TECHNIQUE 

Numerous attempts have been made to avoid the use of intravenous 
infusions in clearance methods in man for keeping the plasma level of 
various substances constant. These attempts involve either single 
intravenous, intramuscular, or subcutaneous injections, or combinations 
thereof. Certain underlying assumptions can conveniently be analyzed 
here. 

IfV, the volume of distribution of a substance (i e. the extracellular 
fluid), is constant, and (b) if it is assumed that mixing throughout this 
fluid is instantaneous so that the concentration of the substance through¬ 
out this volume is uniform, and (c) if the substance is cleared from the 
plasma at a constant rate, C (in cc. of plasma per minute), then the 
plasma concentration P 2> at any time t (in minutes) after Pj, will be 

Ct 

log P 2 *= log Pi - — 

Thus the logarithm of the plasma concentration will give a straight line 
when plotted against elapsed time. The slope of this line, S, is the fraction 
of V that is cleared per minute: 

C log P t - log V 2 
" V “ t 
and the rate of clearance, C, is 

C *= V 

Under the three assumptions above, and further (d) assuming or esti¬ 
mating by an approximation method the volume of distribution, V, it 
is possible in theory to calculate the filtration rate or renal plasma flow’ 
from the rate of change of the plasma concentration after a single injec¬ 
tion of inulin, mannitol, PAH, etc. Most, if not all of these assumptions, 
are imoli cd in efforts to replace the infusion metiicxl by single injection 
methods. 17 in 411 •«■•**.wun.ras.ioss. »•«.«« mum wuminiw 

Significant errors, however, are introduced in clearance determinations 
by any method where the plasma concentration of the reference sub¬ 
stance is changing rapidly because one or more of the assumptions stated 
above is not valid. 

a. Volume of distribution. The volume of distribution of a substance 
cannot be assumed to be constant in anj two normal subjects, whether 
this substance is confined to the extracellular fluid (inuhn) or whether 
it penetrates tissues to some extent (PAH). Much less can this assump- 


/log Pi - log Pj' 
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tion be made in subjects with disturbed renal function, where there is 
the greatest need for accurate renal function studies Neither can the 
volume of distribution of an> substance be calculated b) extrapolation 
from the falling plasma concentration after a single intravenous in 
jection 



Ficcre io. Concentration of inulin in plasma (sol d line), virtual concentrafon 
in interstitial fluid (dotted 1 ne), and total amount m interstitial fluid (figures 
at right and solid line) after a s ngle intravenous injection in a normal subj-ct. 
The differential between the placma concentrat on and the mean extracellular 
fluid concentration reverses at A in 3 men this occurred at 5 m, and 22.5 m 2 
and in 2 does at *• 5 and 10 mm after injection Identity of concentration is 
reached only at B which occurred at 9 33 and 51 min in the 3 men, and 2t 
14 5 and ”5 min in the 2 dogs. (Schachter, Freinkel and Schwartz ri ) 

Schachter, Freinkel, and Schwartz h"* have treated the theoretical 
aspects of mixing between the plasma and extracellular fluid and they 
have shown, as would be predicted in theorj, that after a single injection 
the mean concentration of mulm in the extracellular fluid is identical 
with that in plasma at onlj one moment, as shown in figure 10 At all 
other times a concentration gradient exists, first from plasma to extra 
cellular fluid, and then in the reverse direction That the distribution 
of inulin is far from uniform after a single injection is also demonstrated 
by Gaudmo s studies on the kinetics of distribution m Because of this 
fact, the single injection method cannot be used to determine the extra 
cellular fluid v oiume, all oth»r assumptions being \ abd The onl> appar 
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end) reliable method of measuring the extracellular volume is the con 
stant intravenous infusion-equilibration method 7,1 

Schachter, Freinhel and Schwartz, 1 " 77 and Robson, Ferguson, 03 bnch, 
and Stewart m * have pointed out that, after a single intravenous injec 
tion of inulin, equilibrium between the plasma and extravascular com 
ponent of the volume of distribution is never reached, and consequcntlv 
the falling plasma inulin concentration is not exponential related to 
time Robson et al have devised a formula that incorporates functions 
demanded b> the failure ofequihbration and applied it to the dctermim 
tion of clearances by the single injection method, comparing the results 
with the standard clearance technique Venous blood was used, but the 
authors do not discuss errors arising from inulin arterial venous differ 
ences Moreover, the) have chosen whether necessaril) or not, to use a 
single urine collection period extending from 35 to 120 min after the 
injection of inulin In this form, the method is not adapted to the 
examination of rapid changes in the filtration rate, nor is it adapted to 
circumstances where the extracellular fluid volume is shifting, and it is 
qucstionabl) adapted to states such as h)dronephrosis where the dead 
space is large, or to circulator) failure or edema where mixing of inulin 
with the interstitial fluid is greatl) prolonged No error is introduced 
in anv of these circumstances when a constant plasma level is used 

b Uniform distribution The anal) tical sample must be obtained from 
arterial or s)stemic venous blood Storage of the reference substance in 
the tissues or interstitial fluid of the arm will afford a depot that will 
tend to retard the decrement in s)stcmic venous concentration and to 
raise this figure to levels above the concentration of arterial bloovl that 
perfuses the hidne), giving rise to a significant arterial venous difference 
The s)stemic venous blood will tend to have an erronenud) high con 
centration on falling plasma curves and to give erroneouslv low clear 
anccs 

The arterial blood suppl)ing the hidne)s is presumab!) identical in 
composition with the mixed venous blood in the nght heart, but the 
mixed venous blood differs from the svstemic venous Hood (cx ante 
cubital vein) because of dilution of the mixed venous Hood b) renal 
venous blood (f 20 per cent of the total) from which the reference sub 
stance has in part (multn) or whollv (diodrast, PA!I) 1 ecn removed 
Relative to the error from dilution of the svstemic venous I lood bv 
renal venous blood, it mav be argued that the circulation time from 
brachial arterv to antecu! ital vein is so short (less than 1 min ) that, 
apart from the storace effect noted a!xn e, the <x ncentration in the 
anteculital vein ina) be considered identical with that in the Iracbial 
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and therefore the renal artery In evaluating these factors, the relative 
circulation tune from brachial artery to antecubital vein, and, alter 
natively, from antecubital vein to the right ventricle, must be weighed 
They are both short and probably about the same length Were the 
systemic blood diluted with renal venous blood by 20 per cent in the 
interval required for the total blood volume to be circulated once around 
the body, or about I min , the concentration of diodrast or PAH should 
decrease at a rate of 20 per cent per minute The observed decrease is 
much slower (about I per cent per minute), presumably because the 
interstitial fluid, which has a volume some 2 5 to 3 o times the plasma, 
the red cells, and other tissue reservoirs are constantly supplying solute 
to maintain the systemic plasma concentration The true arterial 
venous difference will therefore lie somewhere between the extremes 
indicated by each process separately Brun, Hilden, and Raaschou 8-7 
have discussed these purees of error and find that the venous blood was 
actually 28 7 per cent higher in diodrast and 7 4 per cent higher in 
inuhn than simultaneous arterial blood On a rising plasma curve the 
errors will be of the same magnitude but opposite in direction, and the 
calculated clearances will be erroneously high 
This source of error can be avoided by using arterial blood or by 
maintaining the plasma level constant by continuous infusion, in either 
case the concentration in arterial and mixed venous blood will be 
identical because the latter is receiving solute at a rate equal to that at 
which it is being excreted by the kidneys 

c Constant clearance into the bladder implies an accurate knowledge 
of the mean concentration m the plasma from which a giv en urine sample 
is formed A significant interval is required for the urine to pass down 
the tubules, collecting ducts, and ureters before it reaches the bladder 
Goldring er al 797 originally estimated this interval (including circulation 
time from the antecubital vein) by determining the ‘first appearance’ 
time of phenol red at various urine flows, and arm ed at the mean figure 
of 2 5 min , they therefore recommended that the plasma concentration 
be read back 2 5 min from the middle of the unne collection period, 
using semi logarithmic graph paper for the interpolation of P They 
recognized that this delay time would vary with the unne flow and mieht 
be considerably larger dunng ohguna, but their mv estimations were 
chiefly concerned with unne flows of 1 to 5 cc/min The dead space in a 
single dog kidney is about 6 cc , if this dead space is washed out by new 
unne mov mg in a solid front against old unne, the delay time should be 
1 mm at a flow of 6 cc/min , 6 min at a flow of I cc/mm , 12 mm at a 
flow of o 5 cc/min , etc Such is apparently not the case, howxver 
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Michie and Michie ,,w have shown bj ureteral catheterization in man 
that, in the normal hidnej, after the near!) instantaneous establishment 
of the plasma lev el and at unne flows of I to 4 cc/min per kidnev, some 
20 to 30 min are required before the urine cones into equilibrium with 
the plasma in the excretion of mulm, mannitol, thiosulphate, PAH, and 
phenol red, the> conclude that the equilibrium time is prolonged to 
this extent because of the mixing of old and new unne This dela> inter¬ 
val, which is 10 times the minimal appearance time, is independent of 
whether venous or arterial blood is used The error from this source will 
increase great!) at low urine flows * An anal) sis of dead space error has 
recentl) been made b> Bojesen,*® 1 who finds that the volume of the 
renal pelvis in the dog increases w ith urine flow, while Morales, Crowder, 
Fishman, Maxwell, and Gomez U7 ‘* have adduced functional evidence 
that the volume of the tubules increases with diuresis The net effect is to 
keep the first appearance time constant regardless of urine flow These 
authors point out that in theor) an equilibration time of some 25 minutes 
in man, as recorded b) Michie and Michie, is compatible with a first ap¬ 
pearance time of 150 seconds 

It has been the experience of workers in the writer’s la bora tor) that 
an abrupt decrease in urine flow is usuall) accompanied b) a transitor) 
and apparently false drop in all clearances, as though the volume of the 
dead spice has been abruptl) increased A suspicious increase in all 
clearances is similar!) associated with sudden increases in urine flow 
The explanation of this phenomenon is obscure, but it seems probable 
that the error, if real, will be exaggerated when it is necessary to extra- 
polatc back in time to correct for dela) time with falling plasma levels 
Brunet al also recognize the possibilit) of error on falling plasma curves 
if diodrast or PAH accumulates in the renal tissue (or interstitial fluid) 
before excretion 

In \ lew of these sources of error, it is bchev ed that the use of changing 
plasma concentrations for the measurement of clearances, and particu¬ 
lar)) of diodrast and PAH, is prccanous There are man) sources of 
error tn the clearance technique that cannot be so easily avoided, and 
it seems unwise to compound them unnccessanlv The introduction of a 
satisfactor) constant infusion pump 1 *® 4 and of flexible, intravenous 
retention catheters ** M,M affords methods of maintaining constant 
plasma levels of all test substances for long periods and for observations 
on patients during exercise, etc I or all purposes the) are an improve 

* Ilrun, I Iil fen, an 1 Haaschou r * from a stud y of the rate of excretion of thio¬ 
sulphate after cstal! shment of a ct nstant plasma lev cl m man, arm eat* mean 
figure of 5 min for unre flows of 2 to j cc/nun. 
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ment upon the Murphj drip, the Shannon tunnel clamp,and the 
intravenous retention needle, but this simple equipment is available in 
every ward and rs adequate for most clinical purposes 

THE CONSTANT INTRAV ENOUS INFUSION TECHNIQUE 

For any exogenous substance that is not metabolized, stored, or excreted 
otherwise than in the urine, the rate of excretion (UV) must be equal to 
the rate of infusion (IV) under conditions where the plasma concentra¬ 
tion and the volume of distribution are constant The stead} state, as 
indicated roughly b> a constant plasma concentration, maj be desig 
nated *infusion equilibrium * Berger, Farber, and Earle r * have utilized 
this principle to determine the filtration and renal blood flow without 
the collection of urine The rate of infusion, IV (where I is the concen¬ 
tration m me/cc in infusion fluid and V is the rate of infusion in cc/min ), 
is substituted for the rate of excretion, UV, m the clearance calculation , 
i e IV/P = UV/P In practice, the infusion must be maintained at a 
very accurate rate until infusion equilibrium is reached and before it 
can be assumed that IV = UV If P continues to change, appropriate 
correction must be made in the UV term for storage or discharge of 
inulin in the extracellular space 

Berger et al report good agreement between bladder clearances and 
clearances calculated b) the constant intravenous infusion technique 
in normal subjects, and fair agreement during acute changes in filtration 
rate and renal plasma flow Unsuccessful attempts to use the infusion 
technique resulted from failure to attain equilibrium between IV and 
UV, especiall) in the presence of edema, and the} note that this tech 
mque ma) be erroneous in short experiments in subjects w hose clearances 
are less than 60 per cent of normal 

The technique is sound in principle, but the investigator should satisf} 
himself of his competence to check bladder clearances b> this method 
Workers m the writer's laboratory hate been rather disappointed in this 
respect and have not substituted the infusion technique for bladder 
clearances in an} important stud}, even in those extending over periods 
of 24 hr where it would be most useful It seems probable that, as 
Landowne and Ah mg 4207 note, a prolonged period of time is required 
for a change m renal function to be reflected in significant changes in 
plasma concentration This will be more important with PAH, which 
penetrates some tissues, 85 - t,os than with inulin, which is distributed only 
m the extracellular fluid, 7 ” ,sas 1,11 but even with inulin there is rela¬ 
tively slow mixing Ml the extracellular fluid 749 and opportunity for large 


errors 
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Excretion of Urea 


HISTORICAL NOTE 

Of all substances in the urine, urea has been of the greatest 
interest to both the physiologist and the clinician. It is the chief 
nitrogenous end product of the combustion of protein and, apart 
from water, the chief constituent of the urine. Because the urea 
clearance is one of the most widely used indices in the evaluation 
of renal disease, the physiological factors involved in its excretion 
arc of considerable importance. 

Urea was first prepared by Rouelle in 1773 by the alcoholic 
extraction of evaporated human urine. This investigator was also 
one of the first to extend biochemical investigations to the lower 
animals, for he demonstrated that urea is present in the urine 
of the camel, horse, and cow*. In the hands of Schccle, Proust, 
Fourcroy, and others, the separation and identification of the 
nitrogenous constituents of urine progressed rapidly in the early 
years of the nineteenth century, and ur!c y as it was named by' 
Fourcroy to avoid confusion with urigsie (uric acid), received its 
full share of attention. Of urea Fourcroy wrote in 1804, 4 . . . its 
expulsion is the principal, and, the most necessary, the most 
remarkable purpose of the urinary evacuation * This is forgivable 
ouremphasis: urea is the most abundant compound in the urine, 
being the chief non-volatile product of metabolism, but it is 
O 
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almost non-toxic and from a functional point of view it is one 
of the least important constituents in the urine. 

It was only a few years after Prout had established its empirical 
formula that Wohler in 1828 demonstrated that this ‘organic’ 
compound could be prepared artificially from ammonium cyanate. 
The effect of this discovery upon the science of the past century 
cannot be overestimated, for it constituted one of the first and 
also one of the most effective blows delivered against the doctrines 
of vitalism, which had dominated natural philosophy up to the 
nineteenth century'. It was owing less to coincidence than to the 
fact that chemistry and medicine were developing hand in hand 
that, in the year before Wohler’s work, Richard Bright first 
described the disease which is named after him. It was known 
that urea was present in the blood, that there was a deficiency of 
urea in the urine of dropsical patients, that dropsy is frequently 
associated with albuminuria and at times with diseased hidne>s. 
But it was Bright’s achievement to demonstrate the accumulation 
of excess urea in the blood in dropsy, and to correlate this circum¬ 
stance with its decreased concentration in the urine, with albumi¬ 
nuria, and with diseased kidneys. When, in 1842, Dumas and 
Cahours showed that urea w r as a product of the combustion of 
protein food (the essential principles of metabolism having been 
formulated by Lavoisier a generation before), the naturalistic 
description of renal disease was complete. 

The term ‘uremia’ early became associated with renal insuffi¬ 
ciency. It is now’ thought that few if any of the clinical signs and 
pathological changes associated with renal insufficiency are due 
specifically to the accumulation of urea in the body, for urea is 
one of the least toxic of all nitrogenous compounds; but this in 
no way diminishes the importance of the fact that the capacity 
of the kidney to excrete it constitutes a valuable test of renal 
function. 

Strauss in 1903 and Urdal and Javal in 1904 introduced into 
clinical medicine the determination of blood urea as a diagnostic 
test; during the next two decades, aided chiefly by the biochemical 
methods developed by Folin, this determination was supple¬ 
mented by the determination of the non-protein nitrogen, creat¬ 
inine, and uric acid content, since all these tend to rise above 



HISTORICAL NOTE 


6j 

normal values in advanced renal disease. In no case, however, 
is the plasma concentration of any compound a reliable index of 
renal function, since it varies also with the rate of production; 
and, in the case of urea, the rate of excretion and hence the 
plasma concentration depend on the rate of urine flow. Some 
investigators emphasized the urea content of the urine under 
more or less constant conditions, while others believed that the 
degree to which urea could be concentrated (i e. the U/P ratio) 
constituted a better functional test. By modern standards, all 
of these tests have proved to be of little ph> siological value. 

It was wot until 191a that Ambard and WtdU attempted to 
evaluate renal activity by what we may call a ‘dynamic’ test, 
i.e. one that relates the quantity of urea excreted per unit time 
to the quantity in each cc. of plasma.* Ambard and Weill arrived 
at an empirical equation which, though it described the facts 
fairly well at low urine flows, was difficult to interpret ph>sio- 
logically.f 

A little later some degree of simplification in this problem was 
effected in the demonstration by Marshall and Davis in the dog 
and Addis in the rabbit that the rate of urea excretion (UV) is 
directly proportional to the blood urea content (B), providing 
the urine flow is fairly large. It is this fact that constitutes the 
central principle of the Addis ‘urea excretion ratio,’ according to 
which the quantity of urea excreted per unit time (1 hr.) (UV) 
divided by the concentration in the blood (B) is constant for 
any one individual under 'standard conditions.’ $ § But the Addis 

* For a fuller discussion of the history of this problem the reader is referred 
to Smith. ,,n 

f With numerical constants omitted, this equation is K “ —7= , where 

VdVu 

15 and tl are the concentrations of urea in the Mood and unne respectiscly, and 
D is the rate of urea excretion The relationship of Ambard** formula to the 
standard urea clearance is discussed 1 »> Peters and Van Slyhe.**” 

JThe Addis excretion ratio is an hourl) rather than a per minute clearance 
at maximal unne flows 

§ In 1928, Addis »• wrote: ‘Part of the function of the kidney consist* tn 
rooting urea from the Mood into the unne- N*ow, regardless of the mechanism 
by which this is accomplished, we may conceit c the Mood passing through the 
kidney as consisting of 2 portions, a pertwrt which passes through ti-changed 
an 1 another portion from which the urea is completely remoted The tolume 
of th s urea free part of the 1 loot! can be determined (by UV/B).* In a fcoinote 
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excretion ratio had limited applicability since the ‘standard 
conditions’ required maximal diuresis or, at least, a very large 
urine flow, a condition not alwajs realizable in disease * 

STANDARD AND MAXIMAL UREA CLEARANCES 

In 1921 Austin, Stillman, and Van Sljke es re-examined the 
influence of urine flow on the excretion of urea in man and found 
that the expression UV/B (the) preferred 1 min rather than 
1 hr as their unit of time) is constant in any one individual so 
long as the urine flow exceeds an ‘augmentation limit,’ which is 
usuallj about 2 o cc per 1 73 sq m of body surface area A\ hen 
the urine flow fell below this limit, the urea clearance fell with 
the urine flow, the clearance then becoming proportional approxi 
mate!) to the square root of the flow, 1 e the equation must be 
written (UV/B) x i/VV = K This is equivalent to writing 
Ua/v/B = K It was in a subsequent extension of this work that 
Moller, McIntosh, and Van SI) ke H#1 applied the term ‘clearance’, 
the expression UV/B the) called the ‘maximum’ clearance, and 
Ux/V/B the) called the ‘standard’ clearance f 

at this po nt he adds, 1 am indebted to my colleague Prof G D Barnett fo r 
this conception of the meaning of the ratio He pointed out, soon after publics 
tion of the paper on the rano as a method tor determining the amount of renal 
tissue [here Addis refers to a paper published in 1917] that it was onlv throuah 
recognizing that the ratio was the solume of blood freed from urea that it could 
be thought of as a concrete and reasonable measure of function ’ 

It is difficult to judge the importance of words as the vehicles of ideas, but 
one may venture to suggest that had Barnett or Addis used Van Slj he s happy 
expression cleared instead of freed renal physiolosj m eht hase been s gmfi 
cantly catalyzed in 19J7 or thereabouts { freeance would be a more terrible 
word than clearance) However, he anticipates having to defend this position 
against those who do not hLe the word clearance as well as he does. 

* It is unfortunate that most of the careful studies earned out by Addis ard 
his coworhers were made on the rabbit this animal is unique, as compared with 
the dog and man, in that it is readily excited and dunng excitement renal 
vasoconstnction reduces the filtration rate and, of course, the excretion of urea 
(ch xvn) 

t The use of the term standard clearance to define the empmcal express on 
U\A7 b was perhaps unfortunate, as was the introduction of the square root 
radical The demonstration of the constancy of the urea clearance (LTV/B) at 
urine flows abos e ** cc/min and the introduction of the term clearance irseH 
base been of inestimable value to renal physiology But, paradox calls. Mo Her, 
McIntosh, and \ an Slyhe confused rather than clarified the problem by calling 
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In these calculations V is corrected to a bod) surface area of 
I 73 sq m (as representing the average surface area of adults, 
see p 543) The ‘maximum clearance has an average v alue of 
75 cc/min , and the ‘standard clearance’ an av erage value of 54 
cc/mm , of whole blood It is conventional to divide the observed 
clearances by 75 or 54, depending on V, and to multiply b) 100, 
and thus express the results as per cent of normal 

Chesley m has studied the urea clearance at vcr> low urine flows and 
finds that at flows below 035 cc/min the U/B ratio becomes constant 
in an> one individual, so that the clearance U\/B vanes in direct 
proportion to V He suggests that, at flows below o 35 cc/min , a 
minimal clearance be calculated b) multipl)ing the observed U/B 
ratio b) 035 disregarding the actual urine flow To calculate the clear 
ance as per cent of normal, the observed U/B ratio should be divided 
b) the‘normal ratio, 91 5, and multiplied b) ioo, or simply multiplied 
b) 1 11 

In recent papers Bing 14 * and Wiliams 5X3 have proposed formulae 
which thc> believe to be more accurate than the standard and maximal 
clearance equations of Muller, McIntosh, and ^ an SI) he The essential 
point is, how accuratelv does an) formula permit one to calculate, from 
clearances determined in a subject at widcl) differing urine flows the 
clearance that he would show at a given urine flow \an Slvhc Ml Ins 
anal)zed the formulae proposed b) Bing and Wiliams and shown that 
in this sense the) arc less accurate than the widely used standard and 
maximal clearance calculation The results confirm Dole s M,) con cl 11 
sion with regard to the clinical use of urea clearance formulae, that 
the maximal and standard urea clearance formulae are adequate 
for their purposes, except for conditions of unusually small urine flows 

Dominguez 131 collected from the literature data on urea clearances in 
the dog and, adding further observations furnished bv Goldblatt, 
formulated an equation to describe changes in the urea clearances rcla 
tiv c to the rate of urine flow More recently, Dominguez and Pomercne *** 
have extended this analysis to man In 1 x>th instances the equations are 
empirical and neglect variations in the urea clearance which are demon 

UvT/n a clearance it does not st,n f) a virtual volume of clca cd 11 xxl 
l ut is instead the j roduct of a m3themat cal t perat on in s*h ch a (true) clear 
once U\/H is mult p! cd emp rcallv ly \^\ hence it is ml} a {resumed 
clearance pred cated « n the assumpt on that below 2 cc m n UV/B * P de 
crease m | report on to \/\, and calculated for conven c*icc to tl e va*ue of 
' - l.c. 
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excretion of urea 
strably attributable to changes in the filtration rate. To meet thisobuous 
phjsiological requirement, it is necessary’ to treat not the absolute urea 
clearance but the urea/inulin clearance ratio. Moreover, it is desirable 
in such analyses to take into account the known—hone\er poorly 
known—physiological facts concerning the excretion of urea. Dominguez, 
by extrapolating his equation to zero flows, obtains a limiting concentra¬ 
tion of urea in the urine, i.e. a maximal U/P ratio; however, as Dole 
(ride infra ) points out, as the urine flow approaches zero the time avail¬ 
able for diffusion becomes indefinitely prolonged and it would seem more 
reasonable to expect equilibration between urine and b'ood (i.e. a U/P 
ratio of i.o) unless urea is actively secreted. 

The ‘maximal* (or true) clearance, UV/B, bears a simple 
physiological relationship to the rate of glomerular filtration and 
urine flow, and for physiological analysis this is the only calcula¬ 
tion that is useful. Furthermore, the clearance should be calcu¬ 
lated as a plasma clearance (UV/P) rather than as a whole blood 
clearance (UV/B). Urea is excreted only by filtration, and the 
filtration of plasma water causes only an insignificant change in 
the water content of the red cells (because of a change in oncotic 
pressure); therefore, the concentration of urea in the red cells 
undergoes no change during passage through the glomeruli. The 
use of whole blood concentrations leads to error because of the 
difference in water content and therefore urea content of the red 
cells, an error which will vary' with the hematocrit. Only the 
plasma urea clearance can be compared with the inulin or other 
clearances, which involve only clearance from the plasma. 

MECHANISM OF UREA EXCRETION 

The plasma urea clearance represents the volume of plasma 
nominally completely cleared of urea in I minute’s time; or, 
alternatively, the volume of plasma required to supply the urea 
excreted in i minute’s time. 

The urea clearance ranges from 30 to 60 per cent of the inulin 
clearance, depending on the urine flow. Urea is completely 
filtrable, and there is as yet no evidence that it is destroyed in 
the tubular urine, so we must interpret the deficit in the urea 
clearance below the filtration rate as indicating that a considerable 
fraction of the filtered urea diffuses back through the tubules. 
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This back diffusion is readily understood in light of the fact that 
urea is one of the most diffusable organic compounds known (as 
it would have to be to escape from the tissues in which it is formed 
by metabolism) and that when administered it is distributed, as 
first shown by Marshall, throughout the body water. 



Figure ii. The urca/creatinme clearance ratio in the dog in relation to the re¬ 
absorption of water as measured b> the U/P ratio of creatinine 
The fraction of filtered urea that is reabsorbed is equal to l o minus the 
urca/creatmine clearance ratio (left) The open circles represent observations 
at normal unne flows and during water diuresis, the closed circles observations 
made dunng osmotic diuresis with glucose, sulphite, or urea 
It is suggested that line A represents l rcabsorptivc process related to the 
obligatory rcabsorption of water in the proximal (and thin) segment, and line 
H a second rcabsorptivc process related to the facultative rcabsorption of water 
Itl the distal svstem The first process cannot be abolished in the normal Lidnej 
b) water diuresis, which reduces the creatinine U/P ratio to 6 or $ as a mini¬ 
mum. (Shannon w ) 


The urea/inulin (or, in the dog, creatinine) clearance ratio 
reveals the fraction of filtered urea that is excreted, and hence 
i.o-urca/inulin (or creatinine) clearance ratio gives the fraction 
of urea that has been reabsorbed. As the urine flow decreases, the 
urea/inulin clearance ratio decreases, indicating that the amount 
of urea reabsorbed increases as the urine moves down the tubules 
and becomes more concentrated (fics. 11 and l z). A priori, one 
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might attribute the reabsorption of urea at all urine flows to a 
unitary process related to the rate of urine formation; but the 
evidence indicates that at least two processes are involved, one 
of which (proximal reabsorption) accounts for the deficit of about 
40 per cent at high urine flows (12 cc/min. or above in man) and 
a second process (distal reabsorption) that becomes significant 
at lower flows and accounts for the increasing deficit in the urea 
clearance as the urine flow falls to very low values. 

The most extensive study of this problem is that of Shan- 
non, ISS0 - m< who has shown that the urea/inulin clearance ratio 
in the dog increases systematically with the urine flow throughout 
the entire range of the latter. No point may properly be designated 
as an ‘augmentation’ limit, in the conventional sense. The rate 
at which the clearance ratio changes is quantitatively not the 
same in all animals, or necessarily the same under all conditions, 
and one animal must be examined at all possible rates of urine 
flow in order to disclose the fundamental relationships.* The 
degree to which the urine has been concentrated by the re¬ 
absorption of water is indicated by the inulin (or creatinine) 
U/P ratio. The relation between wea reabsorption and water 
excretion is therefore best portrayed by plotting the clearance 
ratio against the inulin or creatinine U/P ratio, using the log¬ 
arithm of the latter for convenience, since this term varies from 
2 to nearly 600. 

Data from 2 dogs are presented in figure 11. The open circles 
(curve B) represent observations made throughout the entire 
normal range of urine flow, i.e. between the extremes of water 
deprivation and water diuresis. During water deprivation the 
creatinine U/P ratio reaches its maximal value of 600 or more, 

“One complicating factor is that during the period when the urine flow is 
increasing, as during the ascending limb of water diuresis, the excretion of urea 
is anomalously increased, to obtain reproducible results it is necessary to make 
observations either during a constant unne flow or on the descending hmb of 
water diuresis A second complicating factor is that the urea clearance is exces¬ 
sively depressed, relative to the filtration rate, when the unne flow is very l° w * 
The explanation of these phenomena is unknown, except that the first is not 
related to the degree of hydration of the body or presumably of the tubule cells 
It appears to be related to an abrupt change in the rate of water reabsorpnon 
(or excretion) considered mechanically. Neither phenomenon is explicable in 
terms of dead space error. 
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where 59 26 ot> the water of the glomerular filtrate has been 
reabsorbed During water diuresis, the lowest creatinine U/P 
ratio reached in these dogs was about 15, when of the water 
had been reabsorbed * (This minimal limit of water reabsorption 
represents approximate!) the complete cessation of water reab- 
sorption b> the distal tubule ) 



ioojcc min (the range of norma! diuresis) I me H the l»est free hand stra j.ht 
line through these data I me A the relationship to l>c expected at inulm U/P 
ratios below S (osmotic diuresis), based on observations on the dot; (Chasu 
and Smith *•) 

The other s> mbols (A) in figure 11 represent obseri ations made 
during forced (osmotic) diuresis induced l>\ the intrasenous 
infusion of glucose, sodium sulphate, or urea itself Here the 
osmotic pressure of the infused solute retards passne water 
reabsorption in the proximal tubule and makes it possible to 
reduce the minima! creatinine U/P ratio to about 2 o, where onl) 
50 per cent of the water of the glomerular filtrate is reabsorbed 

* Thts mimria! U/P ratio xarc* n d ‘Tcrmt mdniduah The fgu r r * is mere 
rear!) rtprtscmatnc of both dog ard man dur’-g maxima! watt'd u'cx s. 
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The fact that line A extrapolates to a urea/creatinine clearance 
ratio of i o when the creatinine U/P ratio is i o indicates that 
there is no active reabsorption of urea * Throughout the entire 
range of urine flow it is permissible to interpret the deficit in urea 
clearance as the result of passive diffusion of urea,f somehow re 
hted to the degree of concentration of the tubular urine % and 
hence to the diffusion gradient of urea between the tubular urine 
and the blood and the time available for diffusion 
The fact that the data divide themselves into two rectilinear 
or nearlj rectilinear phases indicates that two processes are 
involved, one process is operative at creatinine U/P ratios from 
i o to io or 15, and a second at creatinine U/P ratios from io or 
15 up to 800 

Phase \ in urea reabsorpfon is identified by Shannon with 
water reabsorption in the proximal tubule, here about 40 per cent 
of the urea original!) contained in the glomerular filtrate diffuses 
bach into the blood in consequence of the progressive concentra 
non of the tubular urine in the proximal tubule from a creatinine 
U/P ratio of 1 o to a U/P ratio of 8 Phase B is identified with 
water reabsorption in the distal tubule, where further water 
reabsorption raises the creatinine U/P ratio to ver> high values 
Since phase A is inv anably completed at the highest urine flow 
obtainable during w ater diuresis, phase B m\ anabl) begins with a 
urine from which some 40 per cent of the filtered urea has alreadj 
been reabsorbed It ma> be inferred from the steeper slope of 
line A that the proximal tubule is more permeable to urea than 
is the distal tubule § 

* Schou 1 ** has shown that, during extreme sulphate diuresis in the rabbit, 
the urea U/P ratio approaches that of creatinine It is nev er more 

fThat urea is reabsorbed b> passive diffusion was first suggested by 
Rehberg »'*«■»“» Poulsson »”» and Hoiten and R eh berg««» from urea/creatinine 
clearance ratios in man 

} The degree of urea reabsorption at a given creatinine U/P ratio in a given 
dog is quantitative!) the same when the filtration rate is low (on a low protein 
diet) and when the filtration rate is high (on a high protein diet) 

§ It was the behavior of the urea/creatinine clearance ratio at varying cre¬ 
atinine L P ratios, as shown in figure 11, together with the minima] U/P ratio 
attained during water diuresis and in diabetes insipidus, that first led the writer 
to postulate the existence of two modes of water reabsorption, ‘obligatory 
(proximal) and facultative (distal) **** 
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The relation between urea reabsorption and water rcabsorption 
in man is quite similar to what is observed in the dog. No data are 
available on the urea/mulin clearance ratio during osmotic di¬ 
uresis, but the data m figure 12 show’ that there is a progressive 
reduction in this ratio between inulin U/P ratios of 8 and 200.* 
At a U/P ratio of 8, approximately 40 per cent of the filtered urea 
is reabsorbed, as in the dog. 


BACK DIFFUSION OF UREA 

The hick diffusion of urea has been treated mathematical}} by Dole 
under certain simplifying assumptions, and in terms of lush’s law of 
diffusion Dole accepts that in man 57 per cent and in the dog 68 per 
cent of the filtered urea has been reabsorbed in the proximal tubule in 
consequence of the passive reabsorption of water, and therefore that 
these fractions represent the asvmptote which is approached h> the 
urca/inulm (or urea/creatinine) clearance ratio at high urine flows His 
mathematical anal} sis is therefore confined, in the first instance, to the 
effects of urine v olume on rcabsorption in the distal tubule He further 
assumes that urea is reabsorbed after water is reabsorbed, and makes 
no allowance for urea rcabsorption concurrent with water reabsorption. 
These assumptions may not be exact, but the error entailed is probablj 
too small to be significant 
Dole’s anal) sis leads to the equation 


rt'f j 


where C\j is the urea clearance, Cp the inulin clearance in man or the 
creatinine clearance in the dog, e the base of natural logarithms, h, a 
constant involving the tubular area through which rcabsorption is 
occurring, V' the urine flow nominall) at the end of the proximal tubule, 
h 2 a constant involving the permeabiht) of the roWies, and V the 
bladder urine flow. The constant hj can be determined bv graphic 
analj sis of Cy/Cy and 1 /V. 

All variables in this equation are subject to measurement except V', 
and Dole assumes this to be relative!) constant under normal conditions 

•The urea/inulin clearance ratio has not been examined in nan at urine 
fiowsbelow o35cc/min (Cheslcv’s’minimal* clearance range) Hu data on urea 
excretion in normal subjects were derived from routine renal function tests but 
mi) represent anomalous circumstances in which the filtration rate was sub¬ 
normal. 



excretion of urea 
in normal subjects, so that when filtration is approximate!) constant 
the first term of the exponent maj be grouped into a single constant, 6 
Then 

Co — C F x <*> x e“ ks/v 


The factor which represents the fraction of urea escaping reabsorption 
in the proximal tubules, has a \alue of about o 6 in man The product 



(Dole «») 


F x £ gi\ es the maximal value of the urea clearance toward which the 
observed urea clearance approaches when the unne flow is large 

The fit of the theoretical equation to data obtained during decreasing 
unne flows from a normal subject is given in figure 13, and to data from 
a normal dog in figure 14 The equation abo* e has the advantage of 
covenng Chesley’s minimal urea clearance at low unne flows (below 
o 35 cc/min ) as shown in figure 15, but this mas be fortuitous In terms 
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of Dole’s analysis, a maximal urine urea concentration is to be expected 
at urine {lows somewhere between 0.15 and 0.30 cc/min. in man. Owing 
to the technical difficulties of obtaining extremely low urine flows, and 
because of probable changes in filtration rate and proximal water re- 
absorption in oliguria, it is not feasible to make a test of the prediction 



that a maximal concentration of urea in the urine will be reached before 
the urine flow' approaches zero. 

Dole points out that the dog has not only smaller tubules, but a smaller 
number of nephrons, and hence the surface area available for back 
diffusion is less than in man. If the permeability of the tubules in the 
two species is of the same order, the exponent of the diffusion equation 
should be about one-fifth to one-tenth that found in man. This is found 
to be so, as is shown in figures 13 and 14. 

The \irtual permeability of the distal tubules in man is estimated to 
be of the order of io -5 cm/min., which is to be compared with io“ 2 
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cm/min for the ox erythrocyte Obv iousIj the permeabibt} of the 
tubule wall to urea is of a low order 
During osmotic diuresis induced by urea in dogs, Mudge, Foulhs, 
and Gilman 1188 find that the relative excretion of urea and water increase 
concomitantly so long as the filtration rate is maintained, but if the 
filtration rate decreases, the urea/creatinine clearance ratio decreases 
out of proportion to the decrease in the creatinine U/P ratio The authors 
attribute the increased reabsorption of urea under these circumstances 
to an increase in the time of exposure of the tubular urine, which permits 
relatively more urea to difiuse out of the urine A similar phenomenon 
is reported in man where the filtration rate is reduced (chs xx and \\i) 
Holden and Bulger ,ly,^ have examined the relation between urine 
flow and the clearances of urea, sucrose, exogenous and endogenous 
creatinine, unc acid, amino acid nitrogen, inuhn, sulfadiazine, and 
sulfathiazole on one subject, dehydrated from 12 to 30 hr Urine was 
collected by \01dmg after urine collection periods of 30 to 40 mm In 
their data all clearances tend to decrease during oliguria, and the urine 
volume-clearance relationship in each case can be represented by an 
exponential relationship of the ty pe developed by Dole 830 for urea and 
in accordance with the diffusion coefficients of the respecme substances 
The authors argue that the deficit in clearance of certain substances at 
high urine flows (creatine, ferrocyanide, xylose, and sucrose) can be 
explained by diffusion, as in the case of urea This stud) is open to the 
criticisms that (a) assuming urine flows as low as o 3 to o 5 cc/min , 
the total urine \oIume in a 40 min collection period would not exceed 
12 to 20 cc, and no accurate clearance information could possibly be 
obtained on voided specimens, (b) the alleged decrease in clearances 
during oliguria is m some instances very slight (mulin, sucrose, exogenous 
and endogenous creatinine, sulfathiazole) and the purported agreement 
between theory and observation with respect to \olume-clearance 
relationship carries little weight, since the exponential equation de 
veloped for urea could be fitted to any such group of Irmited data with 
little deviation in the narrow range of observed points, (c) the possi 
bihty that the filtration rate decreases during dehydration is ignored, 
as is the fact that (at urine volumes above 1 cc/min ) water diuresis is 
frequently accompanied by a transient increase m inulin clearance, 
and (d) the reabsorption of 26 per cent of filtered xy lose cannot be attnb 
uted to diffusion since phlorizin in man and hyperglycemia in the dog 
abolish this deficit and bring the xylose clearance up to the inulin or 
creatinine clearance, 183 while the reabsorption of 26 per cent of filtered 
creatine is probably not attributable to diffusion since the admimstra 
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tion of ammo acids abolishes this deficit and brings the crcatmc clearance 
up to the creatinine clearance in the dog, ,ao the choice of man as a 
basis of argument for the back diffusion of 32 per cent of fcrrocjanide 
is arbitrary, the ferrocjamde and creatinine clearances in the dog are 
identical,* 1 ” 31094 there is considerable question whether sucrose is re 
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Fici RE 15 Fit of Dole s equation to rhfa on the excretion of urea to 4 normal 
<1 gunc subjects studied l > Chcsles 4,1 The inuhn clearance was not measured 
Urine volume corrected for surface area and data from etch subject multiplied 
b> a factor to bring them on the same curse as in the original paper Theoretical 
\ afucs from equation 
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If an average filiratton rate of 120 cc/mtn be assumed, the salue Cc/Cr « 
6H/120 or o 57 as in figure 13 (Dole u ’) 


absorbed at all in man, and the subject requires further truest gi 
tion, 3lK ' ,rvv ** 3 (e) the data show marked differences tn the alleged back 
diffusion of inuhn and creatinine, without reference to the fact that 
Shannon **” has demonstrated that the crcatmine/inuhn ratio m the 
dog Kt 3 m$ ns salueof umrj (099$ ~h 0048} during dcJndration m the 
dog c\ cn up to inuhn U/P ratios of o\ er 500 In stew of these criticisms, 




7^ EXCRETION OF UREA 

it is dear that the 'fitting* of exponential curves to the data presented 
b>* these authors cannot prove back diffusion of the substances men¬ 
tioned, The question of back diffusion can be answered only by examina¬ 
tion of simultaneous clearance ratios, the best standard of reference 
available at present being inulin. 

CLINICAL USE OF UREA CLEARANCE 
No recondite analysis of the kinetics of back diffusion of urea is 
of much aid in the clinical problem of assessing the functional 
capacity of the kidneys by means of the simple urea clearance test. 
For this reason it is desirable at the present time to adhere to 
the approximate description of this process represented by the 
‘maximal’ and (if necessary) ‘standard’ dearance procedures. The 
former is to be preferred, since the urea clearance in man changes 
little at urine flows above 1.5 cc/min. 

As said above, for critical studies the plasma clearance should 
be used, but no large series of plasma urea clearances is available 
for statistical reference, and for clinical purposes it seems best 
to adhere to whole blood determinations and the signification 
UV/B to prevent confusion with plasma clearances (UV/P). The 
mean plasma dearance in 10 normal subjects studied by Smith, 
Goldnng, and Chasis im averaged 70.7 cc/min. per 1.73 sq. m. 
The plasma clearance calculated from the accepted normal value 
for the whole blood maximal clearance of 75 cc/min. per 1.73 
sq. m., assuming a hematocrit of 40 per cent and 70 per cent 
water content in the cells, would be 67.5 cc. The average urea/in- 
ulin clearance ratio in 37 normal subjects studied by Blegen, 
Haugen, and Aas 1,1 was 0.59, and Brun, Hilden, and Raaschou 
(cited by Raaschou ,8,s ) give the average urea/inulin clearance 
ratio in 20 normal subjects at random urine flows as 0.65 (0.45S 
to 0.776), comparing this figure with that of 0.64 (0.59 to 0.67) 
obtained by Shannon and Smith. 1 *** 

The more exact interpretation of the pathological physiology 
of the kidney cannot rest upon the assumption that the urea 
dearance bears any constant relationship to the filtration rate, 
for urea is too diffusable and its excretion involves too many 
variables as judged by the inukn clearance. Indeed, it would be 
fortunate if a molecule even larger than inulin were available for 



COMPARATIVE PHYSIOLOGY OF UREA EXCRETIOK 79 

the measurement of the filtration rate, for use under conditions 
where the permeabilitj of the tubules is possibly increased. 

But the fact remains that, for ease and rapidity in assessing 
renal function in general ward service, the urea clearance is 
unequalled. More than any other single determination, it has 
guided clinical investigation through many phases of disease, 
particularly in reference to the genesis of azotemia. But, in its 
application, accuracy in blood and urine analysis and in urine 
collection remains of paramount importance. 

A wealth of papers, too many to include in the present bibliog¬ 
raphy, is available on the urea clearance in a variety of physio¬ 
logical and disease states and reference can only be made to a 
few: »* #!l * s ‘ ,M » l#M The following articles deal with the urea clear¬ 
ance in the dog: 44 * 4110171CT * ,# ” “** ,,M m# ,0Ii «»*.«»» 

The significance of the urea clearance and the blood urea con¬ 
centration in relation to extrarenal azotemia and to renal disease 
is discussed in chapters xxi and xxn. 

COMPARATIVE PHYSIOLOGY OF UREA E\CRETIOV 
The low pcrmeabilit) of the renal tubules to urea is not onl> phjsio- 
logicallj important but notable in \iew of the circumstance that urea 
penetrates all tissues and hence is distributed throughout the bod) water, 
while it penetrates most other hung cells with care. \ noteworthy case 
of differential permcabilit) is the respiratory epithelium in the gills of 
the teleost (bonv) fishes, which has such a low order of permeability to 
water that the organism can withstand the rclamcl) great osmotic 
gradient between sea water (A —1.85" C.) and blood (A “ —06 to 
o 8“ C.); jet urea diffuses frecl) across this epithelium and the bulk, of 
urea formed in metabolism is excreted bj this route, with onlj traces 
in the unne. ,,,T 

The contrarj’ situation exists in the elasmobranch (cartilagenous) 
fishes, the sharks, rajs, skates and chimera; here the rcspiratorj epithe¬ 
lium, and presumably all the epithelium lining the branchial cavitj*, is 
so impermeable to urea that this compound is present in the blood in 
concentrations of 2000 to 2500 mg/100 cc , as opposed to rero concen¬ 
tration in sea water. In the elasmobranch fishes, urea is actncl) reab¬ 
sorbed b> the renal tubules, the U/P ratio ranging normal!) from 0.10 
to o an. in a 11*1,1*21 t he resulting phjsio^ogical uremia serves to elevate 
the osmotic pressure of the blood and to promote the branchial absorp- 
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EXCRETION OF UREA 
tion of water from sea water, thus obviating the necessity of drinking 
sea water, as is required in the teleosts Phlorizin increases the 
urea U/P ratio slightly, but this ma> be attributable to the accompany 
ing diuresis, which mvanabh has the same effect In the fresh water 
elasmobranchs the urine flow is large, the urinary excretion of urea is 
greater, and the blood concentration is reduced to about 650 mg/100 cc 
The slow loss of urea through the gills in both fresh and salt water forms 
serves to take care of the requirements of excretion in the face of con 
tinuous renal reabsorption 

It has alreadv been noted (p 26) that urea is excreted by the tubules 
in the frog but not m Neeturuj J UK u ” JU<iU5 and it is worth) of mention 
that in the frog the excretory process is characterized b> some sort of 
limitation in the rate of transfer, as in tubular excretion in general There 
appears to be slight tubular excretion of urea in the aglomerular fish 
(in the sense of a U/P ratio greater than 1 o), but in the glomerular 
teleosts filtration appears to be the onl) process involved 841 There is a 
tentative suggestion of tubular excretion in in cstro cultures of the chick 
mesonephron isr 

In the chicken, urea is excreted much as in the mammal, 1 *” with a 
urea/mulin clearance ratio averaging o 74 Under glucose diuresis, the 
inuhn U/P ratio was decreased to 1 o and the urea/inulin clearance 
ratio increased to 1 o 1 “ However, because nearly all metabolic nitrogen 
in the birds is degraded to unc acid, the normal urea content of chicken 
plasma is only o o to 1 7 mg per cent (ch v) 



CHAPTER V 


Clearances Involving Active Tubular Reabsorption 


Many substances of small molecular weight (glucose, amino acids, 
etc.) must be assumed to be present in the glomerular filtrate in 
the same concentration (per kg. of water) as they are present 
in the plasma; since these substances arc normally absent from 
the urine, or present in the urine in a lower concentration than 
in the plasma, it follows that the tubules reabsorb them against a 
concentration gradient, a process that cannot occur by diffusion 
but requires the expenditure of energy, just as in the case of 
tubular excretion. 

Little is known about the enzyme systems involved in tubular 
transport, either reabsorptive or excretory, but it is not surprising 
that on quantitative study both tubular rcabsorption and tubular 
excretion are revealed to be limited by maximal rates charac¬ 
teristic of each substance. The presence of such maximal rates, 
coupled with the absence of any such limitation in the process of 
glomerular filtration, imposes on the overall process of excretion 
certain quantitative relations which, except for absolute magni¬ 
tude, arc similar for all substances that arc actively reabsorbed, 
on the one hand, and for all substances that arc actively excreted, 
on the other. It is therefore convenient to treat together in the 
present chapter those clearances which involve reabsorptive 
maxima, and in the succeeding chapter those which involve 
maxima in tubular excretion. 


?! 
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CLEARANCES INVOLVING TUBULAR REABSORPTION 


CLUCOSE 

The essentia! principles of tubular reabsorption are well illus¬ 
trated by the mechanism of the excretion of glucose. As stated 
above, glucose is not excreted by the aglomerular fish kidney 
when the blood glucose is greatly elevated, or after the adminis¬ 
tration of large doses of phlorizin, which induces copious glucose 
excretion in all glomerular forms. The inference from this fact 
is that, glucose being a valuable metabolite, the vertebrate 
kidney has never had occasion to evolve a mechanism for the 
tubular excretion of this substance. Since glucose is present in 
the glomerular filtrate in the same concentration as in the plasma 
water, the fact that it is normally absent from the urine indicates 
that it is reabsorbed by the renal tubules. Micropuncture studies 
show that this reabsorption occurs in, and is limited to, the 
proximal tubule. Glucuresis in glomerular forms is therefore 
attributable to incomplete tubular reabsorption under circum¬ 
stances in which the load of filtered glucose exceeds the maxima! 
reabsorptive capacity of the tubules. 

Glucose is normally present in the urine in only the faintest 
traces, but when the plasma level is elevated above a critical 
value it is excreted in considerable quantities. This fact consti¬ 
tutes the basis for the concept of a renal ‘threshold,’ a term first 
used by Claude Bernard (1877) and more commonly associated 
with glucose than with any other substance. Moderate glucuresis 
attributable to hyperglucemia attends a large number of circum¬ 
stances which may be considered entirely physiological, i.e. after 
a large carbohydrate meal, during severe exercise or accompanying 
marked sympathetic activity, as in emotional excitement, expos¬ 
ure to cold, etc. The most noteworthy instance of glucuresis, 
however, is m diabetes melhtus; it was from the sweet taste of 
the urine that this disease derived its name (honey diabetes) and 
the presence of glucose in the unne still constitutes an important 
diagnostic sign. Here a cyclical or maintained h)perglucemia is 
responsible for glucuresis; as in physiological glucuresis, the excre¬ 
tion of glucose occurs because the filtered load of glucose exceeds 
the reabsorptive capacity of the tubules and not because of any 
impairment of tubular function. 
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MAXIMAL RATE OF TUBULAR REABSORPTION OF GLLCOSE 

The mecfnmsm of glucose rcabsorption on be examined b) de¬ 
termining the rate of glucose filtration simultaneous!) with the 
rate of excretion It has been demonstrated that glucose is com- 
pletcl) filtrable from the plasma 1074 ,,s ‘ The load of glucose 
delivered to the tubules is therefore given b> the product of the 
concentration of glucose in mg/cc in the glomerular filtrate 

(-?) times the filtration rate of water in cc/nun In the 

routine inulin (or creatinine) clearance determination (Cp), how¬ 
ever, the plasma concentration of inulm (or creatinine) is ordi- 
nanl) determined and expressed per cc of plasma , and hence 

\V 

the true filtration rate of water is Cp On multipljing these 
two terms together ^P 0 Cf-^^ »Altered glucose 

becomes simpl) Pt,Cp * 

The rate of tubular rcabsorption of glucose, To (mg/mm ), is 
the difference between the filtered load and the quantit) of glucose 
excreted per minute, Lq\ 

(1) To = PoCp - U Q V 


where Uq is the urine glucose concentration in mg/cc and V is 
the urine flow in cc/min 

Shannon and Fisher 1141 and Shannon, Tarbcr, and Troast m * 
have shown in the dog that as the (arterial) plasma concentration 
of glucose is progrcssivclv elevated, a point is ultimatcl) reached 
where the tubular rcabsorption of glucose reaches a constant, 
maximal rate AH maximal rates of tubular transport are conven¬ 
tional!) indicated b) Tm, using an appropriate suffix to indicate 
the solute involved Thus the maximal rate of rcabsorption of 
glucose is designated glucose Tm and indicated bv 1 mo 

• To express all filtration clearance* in term* of j lama water, in confirm ty 
wuh pins oligtc fact, would be cumbettome, ard at a matter of cr nten c* cc it 
it des rable to adhere to the generallj accepted contention of ctprcti "c then 
at \oIumcs of plasna, introducing tl c correction \\ cnly when quant tame!) 
rccetsary Th t corrrctK n 11 nconvarj in the calctilat on of the fixation rt a 
fcitutc boun 1 to j lavna protc nt where tl e ultrafli-al ’e pact cm it oonested »n 
termt of pn ttm free waicr 
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Figure i6 The excretion of glucose in relation to plasma concentration n the 

dog 

The tubules are apparently capable of reabsorbing approximate!* all the g!u 
cose up to a fixed, constant quantity (C) per unit time (Tmc) At normal plasma 
levels reabsorptioti is complete and no glucose is excreted hence the glucose/ 
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Ni and Rehberg, M,# the first to make a quantitative approach to this 
problem, used the exogenous creatinine clearance to measure the filtra¬ 
tion rate in man. Possibly because of this fact, and possibly because of 
the non-specificity of their glucose method, their results failed to reveal a 
maximal rate of reabsorption; rather they concluded that the limiting 
factor in rcabsorption was probably a concentration difference across the 
tubule (see Shannon and Fisher). Ni and Rehbcrg’s study is, however, 
of historic importance. 

Below the critical level of plasma glucose required to effect 
tubular saturation, reabsorption from the urine is essentially 
complete; above this critical level, such glucose as is filtered in 
excess of the maximal rate of reabsorption is excreted in the urine. 
The maximal rate of reabsorption, as measured for the two 
kidneys, is independent of the plasma glucose level in the dog 
between the minimal saturating level (typically about 200) and 
2000 mg/100 cc. 

Data on glucose reabsorption in a dog are given in figure 16, 
which shows four consecutive sets of observations, the first at a 
value of Pq insufficient to saturate the tubules, and where all 
filtered glucose is reabsorbed: To = PcCp and hence UoV = 0.0; 
the second at a value of Pq just sufficient to saturate the tubules, 
but where reabsorption is still complete; the third where P« is 
in excess of that required to saturate the tubules and frank glucose 
excretion has begun; and the fourth where Pq is very high and 
VqV is large. In the second, third, and fourth sets of observations. 
To has remained constant, i.e. Tmo has been reached. 

So long as a constant amount of glucose is reabsorbed from the 
filtrate, the glucose clearance can never rise as high as the filtra¬ 
tion rate but will approach this value asymptotically as P« is 
increased to ever higher and higher values, as shown in figure 16. 
The derivation of this curve relating the glucosc/creatininc clear- 

creattmne clearance rano is zero. A* the plasma concentration is increased and 
the filtered load comes to exceed Tna, the quantit) excreted (A) is equal to 
the difference between the filtered load (B) and Tmr,. Consequent!), the jdu- 
cosc/crcatinsne clearance ratio (KW) increases with the plaima concept ra¬ 
tio", ipproachtn^ 1.0 as a limiting value. The smorth curve shewn was ca’cu- 
tated b) assuming Tmo ** 534 mg/mm. per too cc. of filtrate. 

The data are arhitran!) corrected to 100 cc. cf filtrate to eliminate fh-ctua- 
tions attnlnjtab’e to timing and cmpt)ing errors, (‘'hannon and Fisher’" 4 ) 
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ance ratio to Pg is: 

( 2 ) glucose clearance = U G V/P G 
and 

(3) UoV = P G C F — Tm G 
Substituting (3) in (2) 

(4) glucose clearance = C F — Tm G /P G 

, . glucose clearance Tm G 

(5) -:-:-- 1- 

creatinine clearance P G C F 

Examination of (5) shows that the clearance ratio will be small 
when P G C F is small relative to Tm G> and that it wall approach 1 o 
as P G approaches infinity 

There is no evidence that the glucose reabsorptive mechanism 
is subject to ‘fatigue’ in consequence of long-continued saturation 
from hyperglucemia or that it needs to be ‘activated’ by an 
excitatory process of anj hind It appears to represent a con- 
tmuouslj active system operating in accordance with the mass 
load, and limited b) a maximal rate which is determined by the 
nature and quantity of its enzymatic components Glucose Tm 
is fairly constant and reproducible in any one animal. It is 
independent of the filtration rate and consequent!} glucuresis 
ma> occur at different plasma glucose levels m the same animal, 
depending on the filtration rate * 

It ma) be presumed that glucose is reabsorbed by the proximal 
tubule in the dog and man, and consequently Tm G may be con¬ 
sidered to be one index of the functional reabsorptive capacity 
of the proximal tubular tissue in any one individual f 

* The administration of saline simultaneously with glucose probably increases 
glucose excretion during hyperglucemia in part by increasing the filtration 
rate. 4 *** 0 ** 

f Other maxima in tubular reabsorption will be subsequently described {phos¬ 
phate, sulphate, ammo acids, creatine, vitamin C, etc) as well as maximal in 
tubular excretion (phenol red, diodrast, p-arunohippunc and, etc ) It is obvious 
that there can be no unique index of functional capacity in the proximal tubule 
since this segment has many different and apparent!} independent functions. 
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Glucose Titration Curve 

The relations shown for glucose in figure 16 and in equation (5) 
may be generalized to cover a large number of substances for 
which a reabsorptive maximum exists, i.e. equation (5) may be 



L0AD/Tm 6 

Figure 17. Relationship between glucose rcabsorption in the dop and filtered 
load Tmo for each dog was taken as the mean of all observ ations at plasma con¬ 
centrations «lio\e the level of frank glucurcsis The broken line shows the re¬ 
lationship to be expected if reabsorption remains complete until load/1 m« ** 
l o The crossed swnbols indicate observations where more than 99 per cent 
of the filtered glucose has been reabsorbed (Shannon and Usher **“) 


written without specific subscripts: 

clearance Tm 

( 6) _ = , _ 

Both Cp and Tm will varj in different individuals, while Cr will 
var> in the same indisidual at different times- It is therefore con- 
\cnient to express the two variables concerned, I’Cr and T, as 
percentile fractions of Tm itself. This is cqm\ alent to dn iding both 
sides of equation (0 by Tm: 

T VC r UV 
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Here T/Tm is th z.fractional saturation of the tubules , md PCp/Tm 
becomes what we maj call the load/Tm ratio, as the Ioad/Tm 
ratio nses to I o, T/Tm reaches i o and remains at i o as the 
Ioad/Tm ratio is increased to higher values This method of pre 
sentation allows individuals with different values of Cf and Tm G 
to be included on the same graph, as in figure 17 
We may speak of the generalized graphic representation m 
figure 17 as a titration cur's, in the sense that we have titrated the 
tubules to saturation b> the progressive elevation of the load 

GLOMERULAR ACTIVITY 

The ratio Cp/Tm G can be conceiv ed to be one expression of ‘glo¬ 
merular activity,’ 1 e the rate of filtration relative to the glucose 
reabsorptne capacity of the kidneys as a whole The fact that all 
the tubules saturate at dose to the same value of P G m the dog 
implies that the filtration rate/maximal reabsorptive capicitv 
ratio in each nephron (q/tm K ) must be nearly the same, for if 
this ratio differed greatly in various nephrons, a very high value 
of Pc would be required to effect saturation of the tubules in 
those with a small rado, while those in which the ratio was large 
would saturate at a low \ alue of Pg Under these circumstances 
the titration curve would show considerable splay, ns in A, figure 
17 The glucose titration curve can therefore be used quantita 
tivdy to examine the dispersion (in the biostatistical sense) of glo¬ 
merular activity among various nephrons, so long as it can be as¬ 
sumed that there is no splay in the titration curve of individual 
nephrons (ch xv) 

The dog is unique in that glomerular activity, defined as above, 
is quite uniform throughout the kidneys, all nephrons saturating 
at the same value of P G In man the glucose titration curve has a 
considerable splay, the data indicating that glomerular activm 
ranges from o 60 to 16 times the mean glomerular activity for 
the kidneys as a whole 1 e in no appreciable number of nephrons 
is glomerular activity less than 60 per cent or greater than 160 
per cent of the mean value (fig 18) 

Shannon, Farber, and Troast ,so found in the dog that tubular 
reabsorption, if measured when the plasma glucose concentration 
is falling, is significantly low (o 94) relative to Tma measured at a 
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constant plasma level. The difference apparently could not be 
accounted for by dead space error, and they inferred that a rapidly 
falling blood glucose level mas influence tubular rcabsorption 
itself. This question has been re-examined in man by Nielson, ,m 
who finds that at high, steady rates of urine flow the plasma 
glucose level is the same 3 min. before the onset and cessation of 
gtucosuria, impljmg that there is no difference in tubular activit) 
on rising and falling plasma curves. However, the time for the 
disappearance of glucosuna on a falling curve can be greatly 
prolonged when the urine flow is low because of dead space error. 
Nielson also emphasizes that clearance determinations made on 
falling urine flows are fallacious. Such critical measurements arc 
wholly reliable only under conditions of a fairly constant plasma 
concentration, and fairly constant rates of urine flow. 

Cushny believed that the tubules reabsorbed a perfected 
Locke’s fluid, a solution containing glucose, amino acids and 
similar food substances, sodium, potassium, chloride, urea, uric 
acid, phosphate, etc., in approximate!) the proportions in which 
thc> arc of advantage in normal plasma, the fluid absorbed being 
'alwa>s the same, whatever the needs of the organism at the 
moment.’ It is now clear, however, that not onl> glucose but amino 
acids, phosphate, vitamin C, and other substances arc reabsorbed 
csscntialK b) independent processes, each limited by a maximal 
cate of transfer. There is. wa reason, to believe that the reabsor^tiow 
of glucose is spccificall) related to the reabsorption of other 
substances (excluding other sugars), and only in the case of 
sodium are there reasons to believe that the reabsorption of a 
solute is spccificall) related to the rcabsorption of water. These 
reabsorptivc processes must depend on highly specific cellular 
mechanisms. The) arc probabl) earned on more or less inde¬ 
pendent!) and max even occur at different positions along the 
tubule. 

KINETICS or GLUCOSE REAtlSORPTION 

Shannon m * ha« conccn cd that during tubular rcabsorption glucose 
enters into reversible combination with some element in the tubule crib, 
present in constant but limited amount, and that the subsequent de¬ 
composition of this complex limits the rate of glucme transfer from 
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tubular unne to blood * The conditions to be satisfied require two con 
secutive reactions 

(8) A + Bi^ABT+B 

"here A is the glucose in the tubular unne, B the cellular element, AB 
the compound formed b> the reversible combination of these two, and 
T the glucose distal to the initial reaction (i e. in the tubule cell or the 
renal interstitial fluid) 

In order to arrive at a maximal rate of reabsorption, the second reac¬ 
tion must be a first order process, its rate slow in relation to the rate of 
attainment of equilibrium in the first It is implicit in the first reaction, 
A + B ±z AB, that this step is effected at the expense of the free energy 
of the reactants However, the designation of the second reaction as a 
first order process does not preclude the possibility that it may be 
complex and involve an increase in free energj, which it unquestionably 
does 

The equation (based on the law of mass action) that relates the 
arterial plasma concentration, Pq (mg/cc.), the rate of glucose reabsorp- 
tion, To (mg/min ), and the maximal rate of glucose reabsorptton, 
Tmo (mg/min ), in terms of this hypothesis, is 

-> 

where K is the equilibrium constant, and Cp is the volume of glomerular 
filtrate m cc/min According to equation 9, it is to be expected that 
small concentrations of glucose will appear in the unne at normal values 
of Pg, that there will be little increase in the rate of excretion 
(P g Cf — To) as Pg rises until the load (PcCp) approaches Tine, and 
that Tmo will thereafter be rapidly attained 

As the tubular unne moves down the nephron, progressive saturation 
of the cells of the proximal tubule probably occurs, and frank glucuresis 
begins in an> nephron only when the most distal cells are presented with 
more glucose than the) are capable of reabsorbing This fact is neglected 
in taking the equibbnum concentration of glucose in the tubular unne 
as (P G — T/Cp), consequent!) K in the equation above has an arti 
finally elevated value Moreover, reabsorption of water in the proximal 

* As Shannon and Fisher note, there is no reason to suppose that the reabsorp- 
tion of glucose by the renal tubules consists of a few simple, homogeneous, and 
stoichiometric processes, in all probabditj the reabsorptive system is complex, 
heterogeneous, and involves localized centers of aern tty Yet the initial quanti¬ 
tative approach can profitabl) be simplified as much as possible. 
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tubule will increase the concentration (Pg — T/Cf) by some multiple 
which automatically becomes incorporated m the constant K. Tins 
oversimplified analysis is unavoidable at the present time. 

A curve calculated from equation 9, using K «=* o 2 and Tmo = 240, 
follows closely the two lines in figure 17. The splay in the angle of the 
titration curve is so small that the theoretical T/Tm cunc is only 1 
per cent removed from the linear relationship at Joad/Tm ratios of 
0.93 and 1.07. 

Shannon's theory treats the entire kidney as a single nephron and 
neglects the probability that the ratio of glomerular filtrate per unit of 
glucose rcabsorptive power in individual nephrons vanes considerably 
among different nephrons Any dispersion of glomerular activity is arti¬ 
ficially incorporated in K of equation 9 There is, at present, no way 
of knowing what the titration curve of a single nephron may be like, 
except to suppose that it must be a very sharp angle; glucose can be 
almost completely reabsorbed in the first half of the proximal tubule of 
the frog, and as Pq increases one may suppose that the zone of saturation 
moves distally until saturation of the most distal cells occurs, when 
glucuresis in that nephron will begin abruptlv In any case, the titration 
curve of a single nephron must present a sharper angle than that of the 
entire kidneys 

GLUCOSE Tm IN MAN 

Smith, Goldring, Chasis, Ranges, and Bradley mi ,m report that 
Tm 0 in normal subjects averages 375 zb 79.7 mg. in 24 men, and 
303 zb 55.3 mg. in 11 women (both figures corrected to 1.73 sq. m. 
body surface area).* The mean filtration rate may be taken as 
127 cc. in males and 117 cc. in females; nominally complete satura¬ 
tion of the tubules might be expected at 2.99 and 2.59 mg. of 
glucose, respectively, per cc. of arterial plasma. Actually, the 
values of Tm 0 and Cr vary in different individuals through such 
a range that average figures are of little use, and, moreover, de¬ 
tectable glucuresis can be expected in most individuals at 60 per 
cent of the nominal saturation value of Pa because of rhe early 
saturation of nephrons with high glomerular activity*. Again, using 
the mean male figures Tmo *=> 375 and Cr “ 127, at the normal 
value of Pa (1.0 mg.) the filtered load is equal to only slightly more 
than one-third of Tmo. 1 Icnce the filtration rate could be more 

* The reader may be reminded that alt clearance and Tm ( „*v)rr* arc in cc 'n n. 
or mg'mn, unless otherwise Mated The j •actice throughout t! * volume t* to 
report the mean and vtandani deviation of the d *tn!*ut*cn, o. 
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Figure 18 Normal dispersion of glomerular activity Mass pJot of glucose ti 
{rations on 10 normal subjects, some of whom were titrated on i or more occa 
s ons. The mass plot shows more scatter than is present in am I ird v idua! 
but since i individual mav be expected to varv s! ghtly on different occas ons, 
the mass plot maj be taken as rough!) representative of the normal variation 
The observations, of which there are 150, were av e raged m blocks of A load/ 
Tm =01 These averaeed observ ations are shown by the dots in the inset, 
the smooth titration curve being drawn by visual approximation For the cal 
culation of the frequency d stnbution at the lower left the original paper should 
be consulted The ratio r/R indicates relative glomerular activity, 1 e. glomcru 
lar activity relative to the mean ratio Cxs/TmG in the kidneys as a whole 
The ratio Cm/cm indicates absolute values of glomerular aettrtt ) 

Th- frequenc) distribution curv e as drawn would ind cate that in a small 
proportion of nephrons relative glomerular activity (r/R) is greater than would 
be expected from chance distribution alone, with the consequence that the mode 
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than doubled without producing glucurcsis, and it is rare for the 
filtration rate to be increased b> more than 50 per cent. 

Figure 18 shows the dispersion of glomerular activity among the 
nephrons of the normal human kidney, as judged by titration with 
glucose. The topic of glomerular activity is discussed further in 
chapter xv. 

Glucose Tm is reproducible in man: of 20 repeated determina¬ 
tions, in the study above, r6 agreed within 5 per cent, the others 
differing by 6, 6, 8, and iz per cent. It is not influenced sig¬ 
nificantly by adrenalin, caffeine, or renal hyperemia induced by 
pyrogen; adrenalin reduces renal blood flow without greatly 
changing the filtration rate; caffeine reduces renal blood flow with 
a slight increase in filtration rate, while during renal h>pcrcmja 
the renal blood flow ma> be increased b> 20 to 80 per cent with¬ 
out marked changes in filtration rate. Glucose Tm is not in¬ 
fluenced by the infusion of acetate or lactate in the dog, as is 
tubular excretion “*® The most noteworthy conclusion to be drawn 
from these observations is that, since glucose Tm is neither in¬ 
creased nor decreased by circumstances that increase glomerular 
pressure (adrenalin and caffeine) or total renal blood flow (h>. 
peremia), glomerular activity in the norma! human is not only 
relatively uniform but extremely stable. (Govacrts and Lam¬ 
bert ,n report an average for the Tmo/Cr ratio of 2.4! ± 0.345 
in 45 normal subjects, which corresponds to a Cr/Tmo ratio of 
0.415.) 


is shifted to slight!) below the mean However, the use of data from different 
individuals, combined with the narrow limits of dispersion, cautions against 
attaching significance to minor changes in the frequent) distribution curse, 
which is cxtremclv sensitive to changes in the angle of the titration curve. The 
frequencs distribution curve must therefore be considered as practically iden¬ 
tical with the 3>mmetncal normal frequenev distnlnmon So interpreted, it 
m»j be said that glomerular activitv in the normal kidney is distributed about 
the mean m a manner rough!* conformirg with a norma! frequency distribu¬ 
tion curve, the dispersion of which is such that 9$ pef cm* of the observations 
fall within ^40 per cent of the mean (In some indi*uluals, such as J. J-, I.. 11 , 
C II, I- T„ ff. Me., whose titration curves are sharp 1 ) angular, the d spemvn 
ss jo narrow that the glucose titration method is tethn calls inadequate for a 
defintiv e examination. Subject* T. T. *"d I N pul! the av cragc titration tv*\ c 
out fn n the angle and anr reipun* b’e for the she* mg t f the distribution curve 
to the right- C'mirb, GoU-irg, Chats, Ranges, and RraJ’rv »««.**»») 
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In conditions in which the filtration rate is decreased, as in dia 
betic coma, dehydration, shock., congestive heart failure, smyloi 
dosis, intercapiliary glomerulosclerosis, etc, the plasma glucose 
level at which glucuresis begins may be expected to be corre 
spondingly elevated ,,M »•»* However, the data of McCance and 
Widdowson 1,04 on subjects in diabetic coma show an exogenous 
creatimne/inulin clearance ratio substantially below i o (o 42 to 
o 85), indicating that the renal tubules may be so injured by is¬ 
chemic anoxia or toxic factors as to suffer an increase in perinea 
bility This circumstance, if factual, would further dimmish glu 
cose excretion 

The ratio Cp/Tmo in adult normal men in the stud) above av erased 
0371 ± 00563 The coefficient of variation (a/mean) is about 15 per 
cent, indicating a degree of constancj almost equal to that of the filtra 
tion rate, which has a coefficient of variation of 14 2 per cent, as good as 
most ph> siological variables That is, the relative development of 
filtration rate and glucose reabsorbing capacity are parallel in different 
individuals, as in different nephrons in any one individual The correla 
tion coefficient between the two terms is low (o 656), however, possibly 
because of the small range of values in the subjects studied 

In 1921 Hagedorn, 8M by graphic computation of simultaneous blood 
and urine glucose analyses from a diabetic patient, showed that, at a 
value of Pc slightly above the threshold/ the rate of glucose excretion 
became proportional to the blood glucose concentration, as shown by 
the line marked excreted in figure 19 Extrapolation of this line to its 
point of intersection with the abscissa (L) yields a nominal value of 
blood glucose at which excretion would begin were there no splay in the 
titration curve This nominal threshold, as Nielson ISI7 notes, may be 
called the line threshold ’ The value of the line threshold may be 
calculated by dividing Tma by the a erage value of Cf The line thresh 
old will exceed the actual \ alue of P G at which the first trace of glucose 
is excreted by an amount determined by the splay m the titration curve, 
and hence the difference between the two affords an index of the degree 
of splay 

Govaerts, Lambert, Lebrun, and de Braucourt cs hat e used the rda 
tionship AUV/AP = C r on a falling plasma glucose curve to measure 
the filtration rate m 17 subjects during hyperglucemia The figures so 
obtained agree well with the simultaneous thiosulphate clearance, and 
the average value of Tm G calculated from extrapolation of the data 
to L (245 2 mg ) agrees well with that calculated from the thiosulphate 
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clearance (252.8 mg.). In the method of calculation, however, it must 
be assumed that both Cp and Tmo remain constant throughout the 
course of observation. 

On the same assumptions, the value Pq per 100 cc. of filtrate (or P«) 
(the ‘line threshold’ dmded by Cf and multiplied by 100) nominally 
required to effect tubular saturation may be calculated during glucurcsis 



Ficcrf 19. Diagram illustrating the 'line* threshold saluc of the plasma glu¬ 
cose concentration, I., at which the renal tubules arc nominal!* just saturated 
This salue neglects the spla) in the excretion curse which may be large if there 
is a wide dispersion in glomerular actmt). (Gosaerts, l.aml*ert, Ixbrun, and 
dc Heinzebn de IJraucourt*”) 

without measurement of the urine solumc, and hence without the accu¬ 
rate collection of unne. Rearrangement and appropriate substitution in 
equation 2 yields 

(10) To - l’o - ^ U n 

*-'!S 

all of which terms are concentration terms. Foldi, Sralo, and Zsoldos 
have called this \a!uc (!'<;) the ‘aclucosunc Mood sugar concentration* 
and dcs’gnated it by A*. !lowc\er, Tmo renaming constant. A, will be 
increased where there is a reduction in filtration rate and r see stria; ar J, 
since the calculation affords r.o information on either the filtration rate 
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or on the actual \ alue of Tnic it is not clear wherein it is of anj more 
value than the determination of Uc at vanous \alues of Pc, without the 
trouble of doing muhn anal>ses 

The reabsorption of glucose is so effective that glucose excretion is not 
increased b> osmotic diuresis (urea) so powerful that over Co per cent 
of the water in the glomerular filtrate is excreted in the unne 14 * Schou 
found that, during extreme sodium sulphate diuresis in the anesthetized 
(urethane) rabbit, 70 to 80 per cent of the filtered elucose was earned 
into the unne but the conditions of Schou s expenments were extreme 
and the plasma glucose in the control periods ranged from 361 to 586 
mg/100 cc., so that glucose reabsorption would be incomplete without 
diuresis 

CLINICAL TESTS FOR CLLCOSURIA 

There are traces of glucose in the unne at all times m and the plasma 
threshold as cltmcaUy determined in man is highly vanable ranging 
from 100 to oi er 200 mg/100 cc of plasma or whole blood, although 80 
per cent of normal individuals fall within the range of 1,0 to 190 mg 
per cent a jj available data are complicated bj 

the use of whole blood or plasma from tenons blood, and b) the use of 
insensitive unne glucose methods and have been performed without 
regard to unne flow The use of whole blood in this problem is practical!) 
meaningless and venous plasma or serum is but bttle better, since a 
large artenal venous difference (—26 to +102 mg/100 cc ) maj exist 
between artenal (renal) blood and blood from the antecubital \ein, a 
difference which is not whollv abolished at high plasma concentrations 
Capillar) blood appears to approach artenal blood close!) in its com 
position and to be generall) satisfactory for clinical use Assuming hat 
the test is positive when a fixed quantitv of glucose is added to the 
reaction mixture, much larger quantities of unne will be required to 
give a positive test when the unne flow is large and the unne is corre 
spondmgly dilute than when the unne flow is small Iseelcct of 

unne flow, which ma) range from o 5 cc/mm or less up to large figures 
during water diuresis, diminishes the quantitam e sensiai itv of tbs test 
Moreover, at low unne flows a correction for renal dela) time of at least 
6 nun , and probabl) more than this, is indicated Last!*, vanations 
in the splay of the titration curve associated with functional or patho¬ 
logical changes in the renal circulation will be important if the unne 
testisreall) quantitative and sensitive Consequently,onl) a qualitative 
statement with respect to glucose threshold can be mad** b> ordinar) 
clinical methods 
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CLLCOSE REABSORPTION IS THE FROG 
The reabsorption of glucose in the bullfrog, Ratta cateiltara, is char 
actcnzed 1>> a maximal rate which has an average \alue of 35 6 mg/he 
per hr In one animal this figure represented about 160 mg/100 cc of 
glomerular filtrate 7 he frog differs from the dog and man in that, at 
values of IV below that where IVCf *= Tmc, rcabsorption remains 
incomplete (some nephrons arc saturated), while a load twice as large 
as Tma »$ required to effect saturation of all nephrons, 1 e there is a 
large splaj in the titration curve Complete saturation is not reached 
until Po “ 300 mg/ioo cc Forster**' attributes this to variations in 
glomerular activit), some glomeruli being verj active and some rcla 
tivel) inactive * Wood* 170 * reports that maximal glucose reab*orption 
was obtained in individual A returns proximal tubules at values of Po 
as low as 44 mg/100 cc 

If Po is maintained between 300 and 900 mg/100 cc , Tma increases 
in proportion to the filtration rate, the ratio being 156 mg/100 cc of 
glomerular filtrate This indicates that variations in glomerular activit) 
involved an all or nothing phenomenon,’since if activit) were partial!) 
reduced in some glomeruli at such high values of IV Tmo should be 
onl) slightl) affected bv changes m the filtration rate 

PHLORIZIN CLLCLRESIS f 

Of particular interest in connection with the excretion of carbo- 
h>dratcs is the action of the glucoside, phlorizin, which is con 
tamed in the bark and roots of apple, pear, and other fruit trees, 
tn blocking sugar rcabsorption b> the tubules bhortl) after its 
isolation b> dc Koninck in 1846, this investigator tried phlonztn 
in the treatment of malaria because it w as bitter, like other reme¬ 
dies which were effective in this disease This prescription was 
short lived, however, and it was not until iS 8 $ that von Menng 
discovered that phlorizin caused transient glucurcsis In 1S99, 
Minkowsh) and von Mcring demonstrated that diabetes mclhtus 
could be produced experimental!) m do^s b) the extirpation of 
the pancreas, and the) corrcctlv attributed the disease to a dc 
ficicnc) of the internal secretion of this organ Because the action 

• Nee cH{ ter xv f r d $cim on c f p >mcru!ir actn it> in relation to d e 

unne » m lh» (tx\, an 1 other nUtVdcd an mil. 

JlHorhjn, phlo ujx n pMord rn Ihhrrn 1* however, dc preferred 
ape* p(, in U th the Otf rj and Web c »D ct onary 
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of phlorizin was accompanied by the excretion of glucose in the 
urine, glucuresis came to be called phlorizin ‘diabetes/ and it was 
many years before the fundamental differences between the two 
conditions were fully recognized. 

By reference to the creatinine clearance in the dog, or the inulin 
clearance in other species, it has been shown that in sufficient 
doses (200 mg/kg. intravenously of a freshly prepared solution in 
sodium bicarbonate in the dog) phlorizin completely blocks the 
reabsorption of glucose in the dogfish/*** the teleost fishes/*** 
chicken/*** 1845 sheep/** 1 dog/* 1 ® 14Si 1M * 1M7 * 1844 and apes; 14,4 in the 
largest doses given to man 157 1848 (100 mg/kg.) it raised the glu- 
cose/inulin clearance ratio to 0.91, but it is certain that larger 
doses would produce complete glucuresis. Phlorizin is poorly ab¬ 
sorbed from the gastrointestinal tract and complete glucuresis 
cannot be obtained by this route; 803 complete glucuresis is prob¬ 
ably rarely obtained after subcutaneous administration; after in¬ 
travenous administration it remains complete for only 2 to 3 hr. 

Phlorizin in adequate doses blocks the tubular reabsorption of 
the pentose xylose, raising the average xylose/inulm clearance 
ratio from 0.78 to 1.02 in the dogfish/ 81 * the xylose/creatinine 
ratio from 0.72 to r.oo ± 0.05 in the dog >«« i«« no a nd the 
xylose/sucrose ratio from 0.78 to 1.02 in the rabbit* 01 The largest 
doses administered to man (too mg/kg. intravenously) 
raised this ratio from about 0.79 to 0.89. In the phlorizinized bull¬ 
frog and turtle 471 445 the glucose, xylose, and creatinine clearances 
are identical but about 12 per cent below the inulin clearance, 
probably as a result of injury and increased permeability of the 
tubules. 

Phlorizin partially blocks the reabsorption of vitamin C/ 40 ’ but 
no other normal constituent of the glomerular filtrate is known to 
be affected: chloride and bicarbonate/ 844 creatine,* 4 " amino 
acids/ 410 urea 1814 1444 or hexamethylenetetramine 14 '* excretion 
continue unaffected. Phosphate reabsorption is slightly accel¬ 
erated in the phlorizinized dog, probably because of the exclusion 
of glucose from a transfer mechanism for which phosphate and 
glucose compete. 1 ”* 

Phlorizin depresses the tubular excretion of phenol red in the 
chicken"” and in man;"* of diodrast in man" 1 and in the 
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dog; 11,1 of creatinine in the dogfish, ,m chicken,”” chimpan¬ 
zee” 5 * and man; ,m and of creatine in the tcleost, E. mono. 1 *'- 1 
This inhibitor}* effect on tubular excretion may be a consequence 
of diversion of energy rather than a specific interference with the 
transport mechanism. It docs not block the tubular excretion of 
creatine in the dogfish in doses adequate to produce complete 
glucuresis,” 5 * the only negative result with respect to tubular ex¬ 
cretion so far recorded. 

The administration of phlorizin causes a marked reduction in 
all clearances by profound circulatory effects, which circumstance 
makes it necessary to assess its action on renal clearances in terms 
of simultaneous clearance ratios rather than absolute valucs. ,M - u * 5, 
ic». im im im no* ] n scu lp in jt causes the glomerular circula¬ 
tion to shut down entirely, thus temporarily rendering the animal 
aglomerular.* 101 

Phlorizin glucuresis in all animals is accompanied by hypo¬ 
glycemia, owing to rapid loss of glucose from the body, and by 
moderate diuresis, owing to the osmotic resistance offered by the 
urinary glucose to the rcabsorption of water. Prolonged ad¬ 
ministration leads secondarily to a rise in protein combustion, 
ketosis, and many other sequellac associated with deficient car¬ 
bohydrate metabolism. ,,u 

Little is known concerning the mechanism of its action, which 
is primarily confined to the kidney and docs not include any di¬ 
rect effect upon the body as a whole or upon the oxidation of glu¬ 
cose. It docs not inhibit the metabolism of excised renal tissue 51,5 
or the fermentation of }cast,*** although it docs inhibit the selec¬ 
tive absorption of sugars from the intestine. In sufficient concen¬ 
tration it inhibits phosphor}lation of glucose, and its action on 
the tubules is possibly related to phosphatases. 11,1 (The aglo- 
mcrular fish kidney, which is not involved in glucose rcabsorption, 
contains no alkaline phosphatase.”*) Arbutin, a glucoside ob¬ 
tained from the bearberry, also induces marked glucuresis, but 
amygdaftn (bitter almonds) and salicin (willow) are without 
marked glucttrctic actian. m * 

User since von Mcnng*s discover}' of the plucu retie action of phjorirn, 
this drug has been used experimental!} to fore* the excretion of glucose 
in connection with metabolic investigationj, and it was early introduced 
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for this purpose in quantitative studies in renal physiology >n«.iwaa 
It has long been accepted that phlorizin glucuresis is due to inhibition 
of glucose reabsorption rather than to stimulation of glucose excretion 
b) the tubules * The first investigator to use phlorizin in quanti 
tati\e studies of renal function was Mavrs, 143 who conceived that if it 
complete!) blocked the reabsorption of glucose, this sugar should show 
the same U/P ratio as a ‘no threshold substance For his ‘no threshold’ 
substance in the rabbit he chose sulphate, which would not hav e been 
unfortunate, since at elevated plasma levels tubular reabsorption is 
probabl) small relative to the total filtered load But unfortunatel) 
he administered phlorizin subcutaneously in inadequate doses (coo 
mg/kg ) (it is poorly absorbed), with the result that the U/P ratio of 
glucose rose to a value equal to that of sulphate in onl) one experiment, 
and he erroneousl) concluded that glucose reabsorption could not be 
completely blocked by phlonzin 

Later Poulsson ,4S2 utilized phlonzin in an attempt to measure the 
filtration rate He compared simultaneous glucose and creatinine clear 
ances m phlonzimzed dogs, obtaining one clearance ratio as high as 
096 and several between o 80 and 090, he administered phlonzin sub- 
cutaneouslv, however, and his glucose method was sensitive to phlonzin 
itself as well as creatinine,”'* which facts no doubt account for his failure 
to obtain better correspondence betw een clearances His belief that the 
approximate convergence of the glucose and creatinine clearances in 
the phlonzimzed dog afforded a final proof of the filtration reabsorption 
hypothesis is subject only to the cnOcism that it was not yet proved 
that creatinine might be excreted by the renal tubules (as it is m fishes, 
the chicken, the chimpanzee, and man) and that phlonzin might block 
this excretory process (as it has been shown to do in the dogfish, chicken, 
and man) It has, however, subsequently been demonstrated that there 
is no tubular excretion of creatinine in the dog, and May rs’ and PouJs 
son s utilization of phlonzin, as Mayrs’ utilization of the simultaneous 
U/P ratios of creatinine, sulphate, and phosphate, are of histone 
moment in the history of renal phy siology 

Jolhffe, Shannon, and Smith, 1074 giving ico to zoo mg of phlonzin 
intravenously to dogs and using more specific sugar methods, were the 

* Conway el al M adhere to the view that phlonzin induces tubular excretion 
of glucose, and these authors have cnticized the conclusions reached by Walker 
and his coworkers, beanne on the tubular reabsorption of sodium, etc., in micro- 
puncture studies, and by implication many clearance stud es, on the grounds 
that the data are misinterpreted In view of the total evidence cited in this 
chapter, howev er, belief in the tubular excretion of glucose is untenable. 
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first to report consistent identitj of clearances (glucose, xvlose, sucrose, 
and raffinosc) in the phlorizinized animal It was not until the introduc¬ 
tion of inulin that the creatinine clearance was \ahdatcd as a measure 
of the filtration rate in the dog, and that the identity of the glucose 
creatinine clearance ratio in phlorizinized animals acquired significance 

I-ambrcchts reports extensive pharmacological studies on this and 
related glucosides 

xa i ose 

The xylosc/inulm clearance ratio averaees o 7S in the dogfish, ,M * 081 
in the sculpm,** o 82 in the frog rt and turtle, m o 60 in the rabbit, 1 "* 
o 73 in the dog, 1 ** 9 ,M * and o 78 in man " M The xy lose/crcatininc clear 
ance ratio averages 065 in the rabbitIn the dog the xvlose'inulin 
ratio is only very shghtlv increased (o 80 to o 90) bv raising the plasma 
xylose concentration from 50 to 500 mg/100 cc , but when the plasma 
glucose concentration is raised to 300 me ic» cc , a level Inch enough to 
saturate the glucose reabsorbing mechanism, the xy losc'creatininc clear 
ance ratio in the dog increases to 1 o ,,M Similarly, saturation of the 
tubules with glucose partially or completely blocks xylose rcabsorptton 
in the frog ** 4 and turtle 

Xylose reabsorption therefore differs from glucose rcabsorption in 
that a maximal rate of rcabsorption is not reached at easily attainable 
plasma concentrations, but the reabsorptive process is an active one 
involving the glucose transport system, as shown by the fact that it is 
completely blocked by phlorizin or by glucose 

Shannon ,M * assumed that xylose reacts with element B in the reali 
sorptive system in the manner of glucose (<ec p 90) with these differ 
cnees that, if the reaction A + B ^ AB is slower than the reaction 
AB —» T *f B, the first reaction never attains equilibrium and a linear 
relation will exist between I* and 1 , and *I/\ will l e small relative to I*, 
giving a substantial value to the clearance, 1 e rcabsorption will I c of a 
low order and hnearh related to plasma concentration Alternatively 
the same result will be obtained if k. ts increased in value I xaminmon 
of the behavior of glucose and xylose indicates a value of k for glucose 
ofoi, and for xvlose of 300 Hence, when lioth sugars arc in competition, 
even at relativclv low glucose levels in the tubuhr unne, nrarlv all of 
the cellular clement B will be in coml tnatinn wub glucose, and r'gbgil !e 
rcabsorption of xylose will occur Xvlose real sorption will decrease with 
increasing glucose concentration and be reduced to zero j is* al* ve tl c 
level at which B is saturated with p’ucose \t this time, the xvlot- 
clearance should be equal to the rate tf gl mernlar filtration llir 
©1 served facts agree with these p»td etions, an! it nay !>c co-djdH 
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that xylose is activel) reabsorbed b> the glucose mechanism but that 
the \ elocm constants are such as to permit substantial xvlose excretion 
at low plasma levels and to prevent saturation of the reabsorptive 
mechanism at all practically attainable high plasma levels 

SUCROSE 

When sucrose is injected intravenous!) into normal individuals, 90 to 
98 per cent can be recovered m the urine in 12 to 24 hr There are no 
en2)mes in the blood or bod) fluids capable of h)drolyzmg it 1101 It is 
ph)siologica!l) inert and in moderate doses has no effect upon the urea 
clearance 1077 

The sucrose/x) lose clearance ratio = o 99 in the normal dogfish lSM 
and I 01 in the dog * 107Mr7 ,co The sucrose/creatimne clearance ratio 
is about 08 and the x> lose/sucrose ratio about 09 in the rabbit and 
is not greatly affected b) phlorizin 4M The X) lose/sucrose clearance ratio 
was reported in man as o 93 b) Smith, 1 *" 5 as o 90 b) Keith, Power, and 
Peterson,* 10 ' indicating that in man there is some reabsorption of x)lose 
and sucrose, and the ratio rose to 1 01 in partiall) phlorizinized man 357 
However, Stemitz ** 77 reports a sucrose/inulm ratio of 099 in normal 
man, a value not influenced b) saturation of the glucose reabsorptive 
mechanism b) glucose The question remains, therefore, whether or not 
in man there is some reabsorption 

Since sucrose is relative!) non toxic it has been widel) administered 
intravenousl) to deh) drate the tissues, especially the brain, and to induce 
osmotic diuresis ri '* 70 971 Several reports have appeared of hjdropic 
degeneration of the proximal tubules produced by sucrose given in this 
manner However, the repeated administration of 

sucrose in physiologically reasonable amounts does not appear to produce 
permanent injur) to the kidne) CE - ,{ * m * 7i —’ It is to be noted that in 
some pathological reports on man, 1 * patients had been given as much 
as 800 gm (almost 2 lb ) of sucrose in 4 da)s when the) were amine and 
had no means whatever of excreting it 

FRUCTOSE 

Gammeltoft and Kjerulf Jensen 7U have demonstrated that in man, at 
plasma concentrations below 15 mg/100 cc, the fructose U/P ratio 
ma) be less than 1 o, indicating activ e reabsorption U/P ratios less than 
1 o were not demonstrable in rabbits, cats and dogs, but there is no 
doubt that active reabsorption also occurs in these species The fruc 

* Lower ratios considerably out of i ne with those of other investigators, were 
reported by White and Monaghan **• 
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tosc/creatininc clearance ratio m normal doss and rabbits ranees from 
less than 01 to o 2 at plasma levels below 20 mg/100 cc , m cats this 
figure appears to be somewhat higher In all species, as the plasma level 
is raised the quantit) reabsorbed bj the tubules increases, but at a 
diminishing rate, the authors state that a maximal rate of rcabsorption 
is not reached at filtered loads of 40 mg/min in the rabbit and cat, or 
70 mg/min in man 

Phlorizin (200 to 300 mg/hg intravcnouslv or administered dai!> in 
oil), m doses sufficient to raise the glucose/creatimne clearance ratio to 
the range of 050 to 091, increased the fructose/crcatmine clearance 
ratio somewhat less (046 to 081) Complete phlonzinization was 
apparentl) not obtained 

Saturation of the reabsorptivc mechanism b> glucose raised the 
fructose/crcatmine clearance ratio in the cat and man, but not above 
o 79 The results indicate that some clement in the rcahsnrptive mecha 
msm is shared in common 1 >) these two sugars (It is noteworthj that a 
maximal rate of rcabsorption of glucose was not reached in the cat at a 
load of ncarlv 140 me/mm Sec galactose for further comments ) 

Hansen, Jacobsen, and Petersen t<r stmilarl) report that elevation of 
plasma glucose to 343 mg/100 cc in the dog, a value sufficient!) hich 
to effect saturation of the glucose rcabsorption mechanism, had no effect 
on the fructose/crcatmine clearance ratio (scrum fructose « 52 to 58 
mg/100 cc ) This ratio was not affected bv changes in urine flow from 
o 5 to 12 8 cc/mm (creatinine U/P ratio “31) 7 he clearance ratio 
rose, however, from o 285 to 079 as the plasma fructose concentration 
was increased from 3 5 to 336 mg/100 cc , the reabsorbed fructose 
increased at a diminishing rate but faded to reach a maximum under the 
conditions of the experiment The authors conclude that a considerable 
fructosurn is not nccompmicd b> an increased excretion of glucose, ami 
that, in so far as the two hexoses share a common reabsorptivc svstem, 
it is not that component which determines the maximal rate of real* 
sorption of either one 

In more recent studies Levine and Huddlcv'un l ~ r report the demon 
station of a maximal rate of fructose rcabsorption (in 10 hg dogs) of 
40 to 60 mg/min , a value not affected b> simultaneous saturation w«h 
glucose Phlorizin reduced this value 

Schou 1 11 reports that fructose rcabvnqn on is 1 ttlc ir fl uenccd bv 
sulphate diuresis m rabbits at creatinine U/P ratio* from 200 10 t 71 c 
clearance rat o increases, l ut the data d> rot permit o-c to deci *e ho* 
much of this increase is atmbutab’c to charging plasma f-vettne con 
centra two 
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GALACTOSE 

Gammeltoft and kjerulf Jensen 44 report that galactose behaves ver> 
much like fructose, the V/P ratio maj be less than I o in man, the 
galactose/creatinine clearance ratio ranges from 022 to 0.42 at plasma 
levels of 86 to 202 mg/100 cc , the ratio rises with elevation of plasma 
level, though a maximal rate of reabsorption is not demonstrable at 
filtered loads of 30 mg/mm in the cat or 70 ms/mm tn man Phlonan 
in the doses used partially blocked reabsorption, as did hyperglu 
cemia 

The authors conclude that fructose and galactose are, like glucose, 
activel} reabsorbed b> the tubules The} tentativel) ascribe the differ 
ences in reabsorptive activitj to the existence of phosphorvlatmg and 
dephosphor}latmg enzvme s> stems speafic for each hexose, the common 
feature in reabsorption the} ascribe to either the energ} suppl}ing 
s}stem or the phosphate donor (adenylic acid s}stem), leaning towards 
the latter since phlorizin, which impairs the reabsorption of all three 
hexoses, does not primanl} affect oxidative processes The competition 
offered b} glucose would then result from nvalr} to act as a phosphate 
acceptor to the common phosphate donor, adenosine triphosphate In 
this view, the demonstration b} Shannon ,ssi that excess glucose com 
pletel) blocks the reabsorption of x} lose indicates that glucose and xylose 
share a common enz}me s}stem, while glucose and fructose, and prob- 
abl} glucose and galactose, do not 

Eiler eta/ ir report that about 40 per cent of filtered galactose is re 
absorbed in the dog, irrespective of plasma galactose concentration 

RAFFINOSE 

The tnsacchande, raffinose, has a clearance identical with that of 
glucose in the phlonzimzed dog No clearance ratios are available in 
the normal dog 1078 

AMINO ACIDS 

The hist observations on man by Kirk 111 * sbov.ed that the total 
amino acid clearance has a ver} low value, ranging from I to 8 
cc , after the administration of gl} cine the clearance rose as high 
as 25 cc It is obvious that ammo acids are extensively reabsorbed 
and it is to be expected that various ammo acids would be handled 
differentlv Dot} 839 earl} demonstrated in the dog that tyrosine 
and histidine are almost completel} reabsorbed when the filtration 
load is increased moderately, while N methyl L-tyrosme is less 
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effectively' reabsorbed and N T -acetyI-L~tyrosmcis poorly reabsorbed 
at low plasma levels. 

Pitts 1139 subsequently showed that the tubular reabsorption of 
glycine in the dog becomes nearly constant, or approaches a maxi* 
mal value asymptotically, at load A* ratios above 1.5. Possibly 
one is warranted here in speaking of a maximal rate of reabsorp- 
tion or Tm (fig. 20). Tm in 4 dogs averaged 18, 24,30, and 32 mg. 



AMINO NITROGEN FILTERED MG/M/NUTE 
I IGURr 2o Fxcretion of gljeme ammo mtrcpc't »n the dop in relation to the 
quantit) filtered (Pitts •«*) 

of amino acid nitrogen per min. per sq. m. of l>ody surface area. 
At normal plasma amino acid levels (below 10 mg. nitrogen per 
ico cc.), more than 9S per cent of the filtered amino acid is re¬ 
absorbed, but with rising plasma concentration T fails to increase 
in proportion to the amount filtered and consequently excretion 
becomes appreciable at a load ratio of 0.2. Variations in urine p?/ 
did not affect rcabsorption. 

That glycine and creatine arc reabsorbed by a common mecha¬ 
nism is shown by the fact that, as the filtered load of glycine is in- 
created, creatine reabsorption decreases and is reduced to aero 
when the reabsorptivc mechanism is saturated with glycine. Hut 
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the elevation of plasma creatine concentration has no appreciable 
effect on the reabsorption of glycine, indicating that glycine has a 
much higher affinity for the reabsorptive mechanism than has 
creatine. This is consonant with the relatively insignificant 
amounts of creatine normally reabsorbed.* 

Saturation of the tubules with glucose has no effect on the re- 
absorption of amino acids. Saturation with g!) cine has no effect 
on the reabsorption of glucose. Phlorizin in amounts sufficient to 
produce complete glucuresis does not increase normal amino acid 
excretion. These results are consonant with the view that the re- 
absorptive mechanisms are different. However, when the plasma 
concentrations of glucose and glycine were raised simultaneously 
to saturation levels, a serious collapse of filtration rate occurred. 
Associated v\ith this collapse was an approximately equivalent 
reduction in both glucose and amino acid reabsorptive capacities. 
Toxic manifestations in the presence of high plasma glucose and 
amino acid concentrations were extreme, including coma and a 
rigidity of a decerebrate type. In one instance, the animal was put 
aside for later autopsy, but recovered after a few hours with no 
residual signs of renal impairment. The depression of reabsorptive 
capacity in these experiments Pitts attributes to circulator)' col¬ 
lapse and complete closure of some glomeruli, with consequent 
reduction in the number of tubules contributing to the reabsorp¬ 
tive capacity of the kidney, and not to competition for a common 
reabsorptive mechanism. 

As in the case of gljeine, reabsorption of Di^alanine, L-glutamic acid 
and L-argimne 101 decreases rapidly as the load is increased. In no 
instance was it possible to demonstrate that a maximal rate of reabsorp- 
tion was reached at loads which are practically obtainable, but the 
titration curves were sufficiently distinct to justify the statement that 
reabsorption stands in the decreasing order of gl> cine, alanine, glutamic 
acid, and arginine at all amounts filtered Casein h) drolysate behaves 
in a manner intermediate between glutamic acid and alanine. Even at 
the lowest load, significant amounts of alanine, glutamic add and 
argimne w ere excreted. 

•Contrary to previous reports, the administration of large quartiries of 
gljeine produced no apparent injury of the kidney, despite lommng, dilatation 
and fixation of the pupils, weakness and muscular unco-ordmation. 
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Although the quntmtam c characteristics of the reabsorpm e processes 
are different for the four amino acids, Pitts belies cd that at least three 
of them arc reabsorbed b> a common renal mechanism, ns indicated b> 
the fact that, at sufficient Jonds, alanine and {thane comp let eh, and 
glutnmic acid partly, block, creatine rcabsorption 1 he effects of arginine 
on creatine rcab«orption arc so slight as to he within the experimental 
error, but the amount of arginine reabsorbed at the highest load is 
relatively insignificant in comparison with the maxima! tubular reab- 
sorptivccapacirv for gl> cine, andtt ma> be expected that arginine would 
have little effect on creatine rcabsorption within the range studied 
However, moderate elevation of plasma g!>cine significant depressed 
the rcabsorption of arginine While not conclusive, this suggests tint 
arginine ma> be reabsorbed b> the same renal mechamsm which re¬ 
absorbs glycine, alanine, glutamic acid, and creatine If so, the failure 
of arginine to depress creatine rcabsorption would indicate that only an 
insignificant fraction of the total reabsorpme capacity is occupied by 
arginine to the exclusion of creatine 

With certain modifications, Pitts applies to glycine Shannon and 
Hsher’s ,,M kinetic hypothesis of tubular rcabsorption Shannon 
and Pisher assumed for glucose that the second or decomposition reac¬ 
tion in equation 8, nr AB —* A -f B, proceeds rather slowly m 
relation to the rate of attainment of equilibrium in the first reaction, 
A 4 * B —* AB If the postulate is reversed for ammo acids (as for 
xylose), namclv, that the second reaction proceeds rapidly in relation to 
the rate of attainment of equilibrium in the first, the gradual approach 
to a limiting tubular reab««rpti\c capacity finds ready explanation 
Under conditions such that free B exists m the cell (incomplete saturation 
of the rcabsorptive system), the amount transferred is limited by the 
effective rate of combination of A with B Assuming total B (B + \B) 
to be constant, the rate of transpot will depend upon the concentration 
of A and the specific velocitv of its combination with B The lower th s 
vclocnv, the more graduallv will the reabsorpme sys’em be saturated; 
the higher this velocity, the more nearlv will the amino acid svsrom 
behave like the glucose system Pitts inclined to the view that the 
differences between the rcabsorption of the four amno acids slmul 1 l»c 
attributed chiefly to differences in the rates of formation of their B 
complexes The lower this rate the more graduallv is the rca!>so*pmc 
maximum attatned 

Tlie competition between creatirc and pltct-e depends upon react on 
with a B substance common to both reabsorpme is stems If cor l irtd 
with glycine, II u unavailable to enratme, and as a ctnccT ( ueoec Croat me 
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reabsorption is proportionately reduced However, the affimtv of gh cine 
for B must be greater than that of creatine, for large amounts of creatine 
do not depress gl) cine reabsorption 

The data of Goettsch, Ly ttle, Gnm, and Dunbar 7ii on the reabsorp- 
tion of DL-alanine in the dog, show even less tendency to approach a 
maximal rate, reabsorption remaining at a high level (64 to 81 per cent) 
at the highest loads (40 mg nitrogen per 100 cc ) reached Again it is 
demonstrated that casein hydrolysate behaves like Dualanme (and 
gljcme) in that it undergoes ver> effective reabsorption at high loads 

Eaton, Ferguson, and B> er su find that a maximal rate of reabsorption 
can apparentl) be reached in dogs at feasible loads with DUvahne, 
L-leucine, and DUsoleucine For valine this value averaces about 13, 
and for leucine and jsoleucine 9 to 10 mg of amino acid nitrogen per 
mm per sq m , though these figures v ary considerably in different dogs 
There is considerable spla> in the titration curve of v aline and isoleucine, 
significant excretion beginning at a Joad/Tm ratio of 03, while reab- 
sorption of leucine remains essentiall) complete until the load/Tm 
ratio approaches 1 o 

U» n z microbiological methods, Bejer, Wright, Russo, Skeegs, and 
Patch m failed to obtain a maximal rate of reabsorption in individual 
dogs with L-tr>ptophane, Dusoleucine, dl-v aline, and t-Ieucine at 
loads of 158, 96, 105, and 26 5 mg/100 cc of filtrate, respecmei) In 
general at the highest plasma levels, less than 2 per cent of the filtered 
ammo acid was excreted Tm for i^arginme and L-lysine in single dogs 
had values of 15 8 and 60.4 mg/100 cc of filtrate, whereas saturation 
was not reached with L-histidine and DL-methiomne at loads of 41 6 
and 115 mg/100 cc of filtrate,** 78 or with Dt-threonme and dl phenyl 
alanine at loads of 150 and 44 mg/100 cc of filtrate ,7ii 1771 Ferguson, 
Eaton, and Ashman ai also report failure of DL-methionme to effect 
saturation at a load of 52 me/ioocc of filtrate, or 28 mg/min persq m 

Histidine, methionine, leucine, isoleucine, tryptophane, valine, 
threonine, and phenylalanine are thus characterized by such effective 
reabsorption that their Tm values cannot be reached by the adminis¬ 
tration of amounts that do not cause severe nausea, while glycine, argi 
nine, and lysine are characterized by less capacity for reabsorption and 
show a measurable Tm 

Leucine blocks the reabsorption of isoleucine, arginine blocks the 
reabsorption of lysine, and vice versa, and the sum of the Tm values of 
the two compounds at elevated plasma levels approximates Tm for one 
of the amino acids, instead of the sum of these Tm values, histidine 
blocks the reabsoiption of arginine and vice versa However, glycine has 
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no effect on the reabsorption of tsoleueine or leucine, and arginine and 
leucine do not interfere with the reabsorption of each other Bcvcr and 
his coworkers m were unable to confirm Pitts’ ,nl statement that fc.lv cine 
depresses the reabsorption of arfcinjne The) summarize the available 
data on competition between amino acids bv dividing them into three 
groups 1, the basic ammo acids, arginine, histidine, and Ijsinc, Jt, the 
mono-ammo-mono-carboxjhc acids leucine and nolcucmc, and, tt«, 
gl>ane Amino acids wjthm groups 1 and It arc apparcntlj reabsorbed 
b> two more or less independent mechanisms, the members of each 
group competing with each other but not with members of the other 
group A third mechanism mav be concerned with gl>cine transport, 
since it was not possible to demonstrate that this ammo acid interferes 
with the reabsorption of ammo acids in cither of the other two groups 

After the administration of casern hvdroljsate or an ammo acid mix¬ 
ture in chmcallv useful quantities and rates, the plasma concentrations 
of individual ammo acids do not nsc to critical levels such that their 
maximal rates of tubular rcabsorption arc exceeded, or even such that 
there is significant competition between the various components**** 
1 he rcabsorptive mechanism at low plasma levels is so effective that,on 
a diet containing 1 gm of protein per he of bodv weight per dav, man 
excretes on!> a mmutc fraction of anj of the ingested amino acids, the 
greatest renal loss occurring with histidine * * u < - ,r< 

CRFATINF 

Interest in the excretion of creatine is enhanced bv the fact that 
this substance, as phosphocrcatinc, p!a)s such an important role 
in the mechanism of skeletal muscle It is accepted that crcatme is 
an anabolic product s>nthc«u7cd and conserved for this specific 
end (muscle metabolism) in the same sense as glucose or p-otetn 
is conserved Creatine is svnthcstzcd from arginine (the amtdmc 
group), gljcine (the snrcostne moictv), and the mcthvl groip of 
methionine I or reasons unknown, it is slowlv converted to cre¬ 
atinine, which is excreted It can l>c confidcntlv said that all un- 
narv creatinine (exclusive of exogenous dictarv creatinine an! 
creatine) is derived from muscle crcatme, apparcntlv creatinine 
cannot he converted to crcatme in the hodv It should he noted 
that during cooking much of the crcatme o f meat 15 ctmvc-tcvl to 
creatmme and ingested as such 

Creatine normallv predominates over creatmme in the unne 
of birds and reptiles, 1m * m nl Amphibia (unpill oh*.), frosh 



no 


CLEARANCES INVOL\ING TUBULAR REABSORPTION 
water and marine teleosts,*” »»* »»* ««* tm and elasmobranchs*»* 
Converse!}, creatinine common!} predominates over creatine in 
the urine of mammals,"* 7 »»» but creatine maj appear m large 
quantities in the urine of herbivores and }oung mammals gen 
erall} ,8S * IS7i irn 1,11 



Ficdre 21 Crcatine/mulin clearance ratio in the normal teleosr, EftntpbaUs 
mono (dots), and after phlorizin (triangles), which blocks tubular excretion, tn 
relation to plasma creatine concentration Each dot represents the average of 
io observations, each triangle is a single observ ation (Pitts “ *) 

In man, creatine is a constant but variable component of the 
urine in both sexes from birth to pubert}, although creatinuria is 
more marked in girls than bo}s after the first few years After 
adolescence it disappears from the urine of man, but creatinuria 
recurs mtermittendy in women in relation to the ovarian cycle, 
and it reappears in old men and becomes more marked m women 
after the menopause Creatinuria also occurs where there is dis¬ 
turbed carbohydrate metabolism, as in phosphorus or phlorizin 
intoxication, and m diabetes meliitus, starvation, acute denerva¬ 
tion atrophy, and other conditions where skeletal muscle de- 
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struction occurs, and it is usually associated with hyperthy¬ 
roidism, in which condition it disappears after the administration 
of iodine. Conversely, hypoth) roidism in children is accompanied 
by a diminished creatine excretion. In myasthenia gras is, small 
oral doses are in great part excreted in the urine because c fin- 
adequate deposition in the muscles. 

The examination of the normal creatine clearance is rendered 
difficult, as in the case of creatinine, by the lack of a specific ana¬ 
lytical method. The normal plasma concentration of creatine is so 
small relative to the anal) tical error that rcabsorption of endoge¬ 
nous creatine is difficult to examine accurately. Tierney and 
Peters ,m have shown that creatine appears in the urine of normal 
males only when the plasma concentration exceeds 0.5 mg/100 cc. 
On the available evidence it may be inferred that this plasma 
chromogemc substance is creatine, that it is complctcl) filtrablc 
from plasma, and that it is completely reabsorbed at low* plasma 
levels It has been clearly demonstrated by Pitts and by 

Zicrlcr, Folk, Magladcrv, and Ltlicnthal that, when the plasma 
level of creatine is raised, excretion is incomplete because of tu¬ 
bular rcabsorption. The rate of rcabsorption continues to increase 
at the highest filtered loids attainable, and the data do not in¬ 
dicate a maximal rate. Rather at high plasma lex els the crca- 
tine/Cr clearance ratio tends to become constant at about o.S in 
both the dog and man * 

Pitts *««■*•« has shown that creatine and amino acids arc re¬ 
absorbed by the same tubular mechanism; when this mechanism is 
saturated with gljcinc, alanine, or glutamic acid, creatine reab¬ 
sorption is blocked.t Since ingested creatine is in part stored in 

* Tierrer and Peters **• find that the apparent creatine clearance r«l with 
m n;* scrum concentration, but that it alwatt remii-i lower than tier kyrtv t.» 
creatinine clearance Since the latter bear* an uncerta n rr'atKn to the fltrar on 
rate m nan, no cone!us.on can !>c reached from these exper-rciti n try an! to 
the relation between the creatirc clearance and the f ’trafon rate esiepf to *a> 
that rt> c tea tine 1* excreted by the tubu’es. 

t Pitta sais, *Thc*c etpermcnti sMuld wc'l disturb thov prr / 1 pi of inaetti- 
pato*i who i'ii \\ p*rcurv>rs c f creat*re In feed rg 1 arnmi a*rno sc*-’* an i rote 
ndr the cl nv a*jon of twr« creatine m the unre In fact the us* r f »ueh a 
method of appnojeh in any tnefaNibe i*jd* ca-not be t f earti’e c 'v'e'-'-ed, 
f-r it -nr’cet* jx*m He *! •eet a’mati *1 in rr-i! fmet n * A fi'a'V s *v** n 
1* rep'r^c-tei In the i**c*ra«c»l viumtn C esert' i ~~i l-d-rel by c* —1. 

jvund* (rm *4 ti, etc.) w v -h irterftT w *h t't ttVif iral'V^yt^x* 
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the tissues or destroj ed, fairl} large doses must be administered 
to normal animals before creatinuna occurs 
For unknown reasons, DC \ and thjroid block creatine reab- 
sorption in man and ma> bnng the creatine/mannitol clearance 
ratio up to I o Tubular reabsorption is decreased during puer 
penum, in thyroid disease, and in Cushing’s disease, but the 



creatinuna accompanying the administration of methjltestoster- 
one to man is unrelated to decreased tubular reabsorption 

Phlonzm has no effect upon the creatine clearance m the dog at any 
plasma level, 1 * 3 although prolonged phlonzimzation leads to excessive 
protein destruction and hence to creatinuna 

In marked contrast to the case in dog and man, creatine is copious!* 
excreted bj the tubules of the aglomerular fish, the glomerular teleost, 
Epwephalus mono (fig 2l), ,cs and the glomerular dogfish (fig 22) 1CI 
In the last, creatine Tm is about 60 mg/daj per kg Phlonzm blocks the 
tubular excretion of creatine in E mono, but not in the dogfish, e\en 
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though the dose of phlorizin in the latter is sufficient to produce com¬ 
plete glucuresis. 1 ” When both creatine and creatinine arc administered 
to E. mono, the clearances of these tuo substances arc not identical, the 
substance with the lower plasma level having the higher clearance.’” 

CUAVJDOACETJC ACID 

At plasma levels of 0.20 to 0.23 mg/too cc. the guanidoacctic acid excre¬ 
tion is negligibly small. The infusion of creatine sufficient to raise the 
plasma creatine level to 1.0 mg/100 cc. and to cause the appreciable 
excretion of creatine leads to a considerable increase in guanidoacctic 
acid excretion, implsing a common mechanism of transport. How ever, 
guanidoacctic acid has no appreciable effect on the rcabsorption of 
creatine.” 01 

0-IIYDROXYDUTYRIC ACID 

Limited examination in the dog indicates that DL-d-h)drox}but>ric acid 
has a maximal rate of tubular rcabsorption !>erwecn 2 and 3 mg/min. 
per hg. of bod) weight. There is appreciable excretion at loacl/Tm ratios 
of 0.3.*”* Accelerated excretion occurs in man at blood levels of 20 
mg/100 cc. and oser ,<M 

LACTIC ACID 

Ot-Lactic acid is almost completely reabsorbed in the dog until the 
plasma concentration approaches 100 mg/100 cc. At higher lesels there 
appears to be a maximal reabsorpme rate which is not influenced by 
the proportions of L and d isomers in the filtrate; i.c. both isomers arc 
handles! by the same mechanism and the saturation load is independent 
of isomcnc composition. Howcscr, the L isomer is preferentially reab¬ 
sorbed, the coefficient of reabsorptton, d/l, being 06S, the same value 
as the coefficient of utilization (0.65) in simultaneous experiments. Con¬ 
sequently a higher load of the D isomer than of the L isomer is requires! 
to effect saturation. (Tins relationship was deduced from the relative 
composition of the plasma and unne and not by actual measurement.) 
Simultaneous loading of the tubules with g!uco«e and lactic acid had 
no noticeable effect upon the rcabsorption of cither.*'* 

1-nctic acid excretion began in two subjects at a plasma concentration 
offomp/lcocc. of whole Moot!; at lower concentrations ihcwhote blood 
clearance ranged from 1 to 2 cc.”** 

phosphate 

Phosphate is important to the body in a numl*cr of ways: as cal¬ 
cium phosphate it is a major constituent of bone; in organic phas- 
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phate complexes it is important in energy* transformations within 
cells and an essential component of many proteins and lipids; and, 
as the chief buffer of the urine, inorganic phosphate is indispensable 
in the maintenance of the acid-base balance. 

Most of the urinary' phosphate is in the inorganic form (H 2 P 0 4 ~ 
+ HP 0 4 = ) and it is believed that this is also true of the acid- 
soluble phosphate of the plasma. There appears to be a poorly 
ionized calcium-phosphate complex in the plasma, which in theory' 
would be in equilibrium with free phosphate ions. 117 Of ionic 
plasma phosphate, about 80 per cent is present at pH 7.4 as 
HPO<" and 20 per cent as H 2 P 0 4 ~ All the plasma inorganic phos¬ 
phate, however, is normally ultrafiltrable,* *** 8711455 ««***»« 
ins mi anJj S mce the urine may be practically phosphate-free, 
either H 2 P 0 4 ~ or HP 0 4 = , or both, must be reabsorbed by the 
tubules t We may' think of phosphate as excreted m relation to 
the body’s need, and view the H 2 P 0 4 “/HP 0 4 “ ratio of the urine 
as an incidental consequence of the hydrogen ion concentration of 
this fluid 

The excretion of phosphate in the dog has been examined by 
Harnson and Hamson »» and in greater detail by Pitts and 
Alexander ,m Both groups of investigators agree that the capacity 
of the renal tubules to reabsorb phosphate is a sharply limited 
one \ Pitts and Alexander have shown that when the plasma level 
is normal or below normal, as it may* be in fasting animals re- 

* Hamson and Hamson *** believe that there is appreciable binding on plasma 
protein 

f Phosphate is excreted by the rubles of the aglonerular fish, although it is 
uncertain whether the plasma precursor is organic or inorganic phosphate. m,,M 
Phosphate is also excreted by the tubules in the glomerular dogfish, S acanthas , 
but again the evidence does not permit one to decide whether the plasma 
precursor is the inorganic or an organic form lM * There is no cons incing ev idencc 
that phosphate is ever excreted by the tubules in mammals Barclay, Cooke, 
and Kenney have argued that, whereas phosphate is reabsorbed m the dog 
at low plasma levels, at high plasma levels it is excreted by the tubules, but no 
evidence to this effect is given in the report cited. 

j Smith, Ollayos, and Winkler ,M * arrive at the contrary conclusion that there 
is no maximal rate of tubular reabsorpoon in the doe, but, as Pitts and Alexander 
point out, their experiments are compbeated by rapid falls in plasma concentra¬ 
tion and, in some experiments, by progressive marked reduction in nitration 
rate The latter changes are so great and unprecedented as to vitiate the experi¬ 
mental results 
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ceiling glucose, over 99 per cent of the filtered phosphate is re¬ 
absorbed and the clearance is practically 0.0. As the plasma level 
is raised, tubular rcabsorption rematns essentially complete until 
the lond/Tm ratio reaches about 0.75, when urinary excretion be¬ 
gins (fig. 23). Tubular saturation is reached at a load/Tm ratio of 



I'iccxc Above rcabvorption of photphate m two dog* I Wow: pViphatr/ 
Cfcatintne clearance ratio in relation to plasma pliosj hate concentration. Curves 
were drawn free-hand (Puts and Alexander ,M ‘) 


about 1.5. The maximal reabsorptivc capacity in three dogs was 
0.13,0.14, and 0.18 mM/min. per sq. m. (These figures correspond 
to 0.11,0.13, and 0.20 mM/ioocc. of glomerular filtrate when the 
dogs were on a mixed diet.) Corresponding absolute figures on two 
dogs studied by Jahan and Pitts ,m were al>out 0.079 an d 0.07* 
mM., and 0.15 and o.l2 mM.in two dogs studied by A}cr,Schtess, 
and Pitts. 4 * 

Harrison and Harrison ” and Barela} and Kennej ** claimed 
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that phosphate reabsorption is functionally related to the filtra¬ 
tion rate, but Pitts and Alexander, 1 ” 5 and Ayer, Schiess, and 
Pitts 66 have shown that the maximal rate of phosphate reabsorp- 
tion is constant for a given dog and independent of the filtration 
rate when that rate is varied over a range of nearly ioo per cent 
by altering the protein content of the diet (fig. 24). 



FILTRATION RATE CGA*INUTE 


Figure 24 Experiments showing that the maximal rate of reabsorption of phos¬ 
phate in the dog is independent of the filtration rate. The latter was \aned by 
altering the protein content of the diet. (A)er, Schiess, and Pitts* 4 ) 

Apparently phosphate reabsorption shares a common element 
with the reabsorption of alanine and glycine, since elevation of the 
plasma level of these amino acids depresses phosphate reabsorp- 
tion to about 35 per cent of its control value. 18 Under anabolic con¬ 
ditions the plasma phosphate concentration may be reduced by 
extrarenal removal to a point where the tubules are markedly un¬ 
saturated. Dunng resting conditions on an adequate phosphate- 
containing diet, however, it is probable that the plasma concentra¬ 
tion, and hence the filtered load, is just such as to saturate the 
tubules, and at such times the plasma concentration may be said 
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to be determined by glomerular-tubular balance, with due regard 
to any splay in the titration curve. Neither hydrochloric acidosis 
nor bicarbonate alkalosis affects phosphate Tm in the dog, as is 
shown in figure 23. Saturation of the tubules with phosphate has 
no effect on chloride reabsorption and, conversely, the infusion of 
sodium chloride, with marked elevation of plasma chloride concen¬ 
tration, has no immediate effect on phosphate Tm. The prolonged 
infusion of glucose markedly decreases phosphate Tm, ,m but 
phosphate Tm decreases on the prolonged infusion of phosphate 
itself in both man (Michie, pers. com.) and dog; ,0 ** in the latter 
this effect is somehow related to potassium, and therefore the ap¬ 
parent specific interference by glucose may be an artifact. 
Michic’s studies in man indicate that the para tin roid hormone 
may be involved in this phenomenon. Until these basic questions 
are resolved, changes in phosphate rcabsorption during prolonged 
infusion cannot be accepted as a three-way mechanism (filtration- 
rcabsorption-tuhular excretion) of excretion.*’ Phlorizin blocks 
the rcabsorption of glucose but not that of phosphate. 1 '** Indeed, 
phlorizin increases phosphate Tm by a small amount, ,m indicating 
that, as measured in the normal animals, phosphate Tm is slight!) 
depressed by the normal rcabsorption of glucose. Whatever the 
common element in the rcabsorption of glucose and phosphite it 
must be an early one, since the former is phlorizin-sensitive and 
the latter is not. Alternatively, it is possible that there may be 
competition on the basts of available energy; if the glucose re- 
absorptive mechanism is blocked by phlorizin, the energy orig¬ 
inally diverted into these channels may become available for the 
rcabsorption of phosphate. 

Entirely similar results on man arc reported by Schicss, Aver, 
1 /vtspcicU, and Puts.’”* Phosphate Tm in the one subject ex¬ 
amined was 0.130 mM. In man, however, the splay of the titra¬ 
tion curve is increased during acidosis, so that appreciable ex¬ 
cretion begins at lower plasma levels; the net effect is to increase 
the available buffer in the urine at plasma concentrations of 0.5 to 
i.omM/litcr (fig, 25). It isgcncrall) conceded that acidosis in man 
increases the excretion of phosphate; however, the increase is 
limited to the first few davs, phosphate excretion diminishing 
thereafter as ammonia excretion increases. In addition to the 
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slight change in the splay of the titration curve in the one subject 
reported above, this may reflect an increase in the urine/fecal 
excretion ratio in acidosis or the mobilization and loss of a limited 
store of labile body phosphate. 



Fjcdre 25. Excretion of phosphate in a normal subject, with and without 
aadosis, in relation to rate of filtration of phosphate. Note that the splay of 
the titration curve is slightly increased in acidosis, thus increasing phosphate 
excretion at low plasma concentrations. (Schiess, Ayer, Lotspeich, and Pitts 

Harrison and Harrison report that the administration of vi¬ 
tamin D to young dogs that had been fed a rachitogenic diet pro¬ 
duced a marked increase in phosphate Tm, an effect demonstrable 
within 24 hr. These investigators, from studies over a narrow 
range of plasma phosphate concentration, concluded that para¬ 
thyroid hormone depresses tubular reabsorption, but Fay, Behr- 
mann, and Buck KS conclude from more extensive observations on 
normal, parathyroid treated and parathyroidectomized dogs that 
a lack or an excess of hormone had no demonstrable effect on 
tubular reabsorption. This conclusion has been affirmed by Jabait 
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and Pitts ,0 ' 7 from observations on^normal dogs before treatment 
and some 16 hr. after treatment with the hormone, which would 
not reveal any transitory effect.* 0 But Michie and McConnell 
(pers. com.) have observed that eoo units of parathyroid hormone, 
given intravenously to patients with h\ pops rath yroidism follow, 
ing thyroidectomy, had no effect on tubular reabsorption of phos¬ 
phate within 3 hr. Phosphate excretion was increased because of a 
slight increase in filtration rate, tubular rcabsorption remaining 
constant. In normal subjects, the hormone induced no changes in 
tubular rcabsorption or in excretion, and Hogben and Bollman 
report that parath) roid extract has no effect on tubular reabsorp¬ 
tion in the dog within z hr. of administration. However, in a pre¬ 
liminary note, Cargill and Witham 1,0 obtained decreased tubular 
rcabsorption in normal subjects receiving parathyroid hormone, 
and believe that the effect is related to simultaneous glucose rc¬ 
absorption. 

The fact that the maximal rcabsorptive capacity of the tubules 
for phosphate is relatively stable * and uninfluenced by marked 
changes in chloride excretion and in acidosis and alkalosis, in¬ 
dicates that phosphate is handled by the kidney in a specific man¬ 
ner and not mcrcl) as an indifferent electrolyte. The maintenance 
of a fairly constant plasma concentration is directed towards the 
many purposes which phosphate serves in the body. The stable 
tubular rcabsorptive mechanism is such as to maintain a constant 
plasma level so long as the rate of phosphate production and the 
filtration rate remain constant. The utilization of urinary phos- 
phate in the excretion of acid and conservation of base is incidental 

•Ollajo* ard WirUcr ““ found that the rate of excretion of phoiphate t!-J 
not correlate with the pla*rna concentration at nnmi! Ie*c!l (l.o to l.J 
nM/liter) in man The) point out that insulin and carbohydrate aJfnnVratkm 
1*1 dtabetc* cauiea a reduction in aerum phosphate which it pt'alMcJ by a 
reduction in excretion, whereat in nomil »tdjectt rot rrceiurg i-tjln the 
mgr$t>on of food frequent!) recreate* exert* ton without an i-crei*? in irun 
concentration There it, mo-river, a d umal cyde in ert'ction wh eh fa’t tn 
parallel terum concentration In mcw of Pitta and .V-xa-drr** c!nervat,on that 
g’ucote and phmphatc ihare a common rcab*’«rpmc n«! »*<t*n, and t* at rm 
t v e normal realnorptmn of ghicmr d-crea*c* p v tnph*:c Tn, their 
nay hate an explanapcn in charge* tn plucme load Hotter, 0 e eridt-e r f * 
the ponce in plater* of an c’tra c Itrah’r calen.*n-phntpha*c cverp’tx, w*-ch 
in theory not t*e handled hie lonega 1 * c pSe*»p v ate, t’w.'J r • !*• 
lalel 
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clearances involving tubular reabsorption 
and attributable to the circumstance that it is the major buffer 
present in urine, being the only buffer substance produced in the 
body in significant amounts which is excreted by this route. 

Walker and Hudson **” found that, in Necturus, phosphate is 
reabsorbed in the proximal tubule, and presumably this is the case 
in mammals. 

Nothing in the available data indicates whether the renal tu¬ 
bules reabsorb H 2 P 0 4 “ or HP 0 4 = or both. If reabsorption occurs 
in the proximal tubule, it is probably isohydrically from a tubular 
urine having the same pH as plasma (7.4), where the ratio 
H.P 0 1 -/HP 0 4 = is 0.25. 

The normal excretion of phosphate is not increased during water 
diuresis, 93 ’ w«r. !***.«» 0 r during osmotic diuresis induced by man¬ 
nitol* 171 or urea. 14 * 8 Phosphate excretion is increased in dogs by 
pitocin 692 and by the injection of large doses of the sodium salt of 
p-aminohippuric acid in man, the effect in general being related 
to the plasma concentration of the latter. 7174 (The injection of 
PAH and diodrast in large doses in man also leads to the transient 
acidification of the urine to pH 5.0 to 5.5.) (unpubl. obs.) Phos¬ 
phate excretion is decreased by hypophysectomy.* 71 - 94 ® 

Some investigators * 9=5 973 lay great emphasis on the renal thresh¬ 
old as the determinant of plasma phosphate concentration. While 
in a sense this is true, plasma phosphate is equally determined by 
the rate of absorption from the gut and the equilibrium between 
circulating phosphate and intracellular or skeletal phosphate. 
Thus a change in plasma phosphate concentration is no indication 
per se of a parallel change in renal threshold. For example, the 
infusion of glucose lowers plasma phosphate and as a consequence 
diminishes phosphate excretion. 91 * ,s ** Similar effects are produced 
by hyperventilation, 8 * 8 while breathing carbon dioxide raises 
plasma phosphate and increases excretion.*** These changes are 
indications of altered equilibria between phosphate stores and cir¬ 
culating phosphate rather than alterations in the renal mechanism 

* Hamson and Harrison *** maintain that the reabsorptive capacitv of the 
tubules for phosphate is decreased by acidosis, but in their experiments the 
filtered phosphate rare!5 exceeded that reabsorbed by a significant amount, 
and it is probable that the tubules were not saturated. Under these conditions 
T will var) directly with the filtration rate. The data of Pitts and his coworkers 
indicate a difference between man and dog in this respect. 
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governing excretion. Presumably, the major effect of acidosis on 
phosphate excretion is of this character. 

SULPHATE 

Of notable interest in the history of studies on the excretion of 
sulphate arc those of Mayrs, 11 ” carried out in 19:2. On the as¬ 
sumption that a)) metabolic ivastc products would be equally 
readily excreted by the kidnevs, Mayrs studied the simultaneous 
U/P ratios of sulphate, creatinine, phosphate, and urea in anes¬ 
thetized rabbits. He injected sulphate and phosphate, and some¬ 
times urea and creatinine, in order to raise the plasma concentra¬ 
tions to determinable values and, under the limitations of ana¬ 
lytical methods then available, he found that the U/P ratios of 
sulphate and phosphate were close to identity (1.06 to 1.19), and, 
in other experiments, so were the U/P ratios of sulphate and 
creatinine (0.95 to 1.25); he concluded that *. . . it requires a 
Stretch of imagination to suppose that [these substances) arc 
secreted independently of each other. It is simpler to assume that 
they arc concentrated by removal of u'ater (from the glomerular 
filtrate), and to account for possible slight differences in their con¬ 
centration ratios by admitting that small quantities of "no- 
threshold" bodies may be absorbed/The U/P ratio of urea, Ma>rs 
found, was only some 35 to 50 per cent of the simultaneous sul¬ 
phate or creatinine U/P ratio, and he concluded that the difference 
was attributable to tubular rcabsorption. Calculating the rate of 
glomerular filtration from the plasma concentration and rate of 
excretion of sulphate, and deducting the quantity of urine ex¬ 
creted, he estimated the volume of water and the quantity of urea 
reabsorbed under various conditions and showed that, contrary 
to Cushny’s theory, the composition of the reabsorbed fluid is not 
constant in respect to urea, but varies between wide limits and 
never reaches the existing concentration in the plasma. Subse¬ 
quent!}, Mayrs and Watt ,,n measured the bhxxl flow in the 
rabbit’s kidney and, using sulphate excretion as a means of cal- 
dilating the filrrarion rate, concluded that alxnir :o to :t per cent 
of the plasma is filtered through the glomeruli. 

Thus Mavrs was the first to adduce quantitative evidence in 
favor of the common mechanism, glomerular filtration, f«r the ex- 
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credon of several substances, to estimate the filtration rate, to in¬ 
dicate that about 50 per cent of the filtered urea was reabsorbed, 
contrary to Cushny s theory, and to show that the composition of 
the reabsorbate is not always the same. 

White, 1 »**.*>«.«** m studies in phlonzimzed dogs, obtained practical!} 
identical U/P ratios for glucose and phosphate at high plasma levels 
of the latter, but failed to confirm Mayrs in the conclusion that, at high 
plasma levels of phosphate and sulphate, the U/P ratios of these sub 
stances are identical Finding that the ratios were highly divergent when 
the plasma concentration of one substance was normal and the other 
was elevated, he concluded that urea, glucose, phosphate, and sulphate 
were all excreted in part b} the tubules 

Pouisson I6a reaffirmed the simple filtration of sulphate on the basis 
that the unnarj concentration in man varied in proportion to the U/P 
ratio of creatinine, while Ha>man and Johnston/” comparing the 
U/P ratio of sulphate and creatinine in man, inferred that if sulphate 
is filtered it must be extensnel} reabsorbed Ha>man and Johnston 
showed that, when the sulphate plasma level is elevated, the U/P ratio 
approaches but never quite equals that of creatinine Cope 4tr> also 
demonstrated in man that the sulphate clearance at normal plasma levels 
is about 30 per cent of the creatinine clearance, rejecting the possibility 
of reabsorption of sulphate, he suggested that the filtration rate is equal 
to or somewhat less than the sulphate clearance and that additional 
sulphate and creatinine are excreted by the tubules Macy, UM and 
Keith, Power and Peterson 1102 similarl} showed that at normal plasma 
sulphate levels the sulphate clearance in man is alwa>s less than the 
creatinine clearance and usuallj less than the urea clearance, and White 
and Monaghan 1207 confirmed this relationship in dogs In the observa 
tions of Keith et al the sulphate clearance av eraged 35 5 cc and the 
urea clearance 72 a cc , as compared with 89 5, 100 and 150 cc, respec¬ 
tively, for the x)lose, sucrose, and creatinine clearances Subsequent!), 
Goudsmit, Power, and Bollman 822 showed that, in the dog, the sulphate 
clearance is normally about 8 per cent of the creatinine clearance, and 
that it increases on elevation of the plasma sulphate concentration and 
approaches the creatinine clearance asymptotically * Under extreme 

* Between 30 and 200 mg/100 cc the sulphate/creatmine clearance ratio is 
apparently independent of whether the plasma concentration is ns ng or falling, 
but below 30 mg/100 cc this ratio tends to be higher on a falling than on a 
nsmg curve It is impossible from the published data to determine whether or 
not this discrepancy would be abolished by the application of an appropriate 
correction for delay time and dead space error, which the authors do not men 
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conditions which lend to the animals’ death * (325 and 353 me. of sul¬ 
phate per loo cc. of plasma) the clearance ratio ros: slightly hut not 
significant^ above 1.0. 

Goudsmit el a! concluded that sulphate is present in the ghmcmhr 
filtrate in the same concentration as in the plasma, but that about 90 
per cent is reabsorbed at normal plasma lex els; on delation of the 
plasma concentration, a (maximal) rate of tubular reabsorption of al*>ut 
n mg/100 cc. of filtrate would account for the clearance ratios. This 
interpretation is, howexer, rendered somexxhat uncertain by the fact 
that the presumed maximal rate of reabsorption appeared to be loxxcrcd 
transiently by the injection or feeding of sulphate. The authors note 
that there is a reciprocal relation between plasma lexe! and sulphate 
clearance in dog and man; in the former, the norma! clearance is only 
8 to 10 per cent of the filtration rate, and the normal plasma lex cl 
ax crapes 1.3 mM/htcr; in man, the normal sulphate clearance ax crapes 
30 per cent of the sucrose clearance (or 25 per cent of the filtration rate) 
and the norma! plasma lexcl axcrages 0.4 mM liter. Thus the rate of 
excretion (L’V) per 100 cc. of filtrate is roughly the same in the two 
species. 

Iljcnng and 01 !gaard m reported the normal sulphate clearance in 
man as 37 cc as compared to 71 cc. for urea and u# cc. for creatinine. 
On rlcxation of the plasma sulphate concentration, the clearance rose 
to 95 cc. in one individual, and to 85 cc. m a second (creatinine clearances 
of 137 and 124 respcctnc!)). They attributed the low clearance at low 
plasma Icxcls to protein binding (75 per cent) of endogenous sulphate 
and, appljing a correction of -0.8 to 09 mg/jco cc. to their data, 
obtaineil constant clearances of 99 and 91 cc. (creatinmc/rufpfiatc clear¬ 
ance ratios of 1.36 and 1.3 s ), and thex called attention to the identity 
of these ratios with the axcracc crcatinine/inuhn clearance ratio of 1.39. 
They concluded that, subject to correction for plasma Mndirsr, the 
sulphate clearance is at the Icxe! of glomerular filtration. The correction 
made by lljcnng and (lllgaard can Ik expected empirically to gixe a 
relatixcl) constant clearance and to clcx'ate the clearance to the asxmp- 
tote (filtration rate), but this correction is unwarranted, since sulphate 
it not significant!) bound b) plasma protein. The ob*crx*tivU* of 

t*nn. At ro*m»! plasma loci* the *u‘|'h*tr t’nrantc appears t'> i-mi* • th 
unne (*< w, but a.-j n it it rot dear t* at tn r' e * Jjbatr t»-n- 

cr-trstwm mar net account in part fv t) e \a*-»t*--n »*t ('riir tr «',**. 

• Ilf jposr «, AmWfvrt /.'«*/»* s»c»t a^'c t-a *V* n •/<* m g. prf 

cr*t «. f»Uj *"a?t (ico nM i te*) in the platm* < feats, t! r «** 4,it !*t "•$ mt j'rl 
to 7 mM iitcr. 



124 CLEARANCES INVOLVING TUBULAR REABSORPTION 

Hajman and Johnston 9 ” and of Goudsmit, Power, and BoIIman *** 
show that endogenous sulphate is complete!) ultrafiltrable in man and 
dog 

More recentlj, Schwartz, Smith, and \\ inkier 1898 confirmed the fact 
that at low plasma levels the sulphate clearance is lower than at high 
plasma levels, the clearance increasing with plasma level The) failed, 
however, to confirm the observation that the sulphate/creatinine clear 
ance ratio approaches 1 o as a limiting v alue, and in some of their expen 
ments this ratio decreased as the plasma sulphate level increased The) 
also stated that there is no evidence of a maximal rate of tubular re 
absorption The) found that the simultaneous administration of sodium 
chloride increased the sulphate clearance, while the administration of 
sodium sulphate in the doses used b) them decreased the excretion of 
chlonde Sulphate excretion was, in the main, independent of the asso¬ 
ciated cation (potassium and magnesium) The comparisons of Schwartz 
et al were, however, made in different experiments, and ob^erv ations 
were made during raptdl) falling plasma sulphate concentrations so 
that it is difficult to interpret the resulting sulphate clearances 

Schou 1799 found that during osmotic diuresis induced b) the infusion 
of h)pertonic sodium sulphate into rabbits, sulphate reabsorption 
apparently reached zero However, under conditions of maximal diuresis 
(creatinine U/P ratio of I 5 to 3 o), sulphate excretion sometimes 
exceeded the filtered quantit) by as much as 15 per cent, a fact which 
he attributed to the compounding of errors in four anal)ses, including a 
rapidly changing plasma sulphate concentration Since the sulphate 
U/P ratio was alwa>s greater than 1 o, he expressed the belief that 
sulphate reabsorption is never greater than what might be explained 
b) a passive diffusion process, but the design of the experiments was 
not such as to afford reliable information on this point 

Thus, sulphate has been foremost in the minds of investigators work 
ing with the comparative clearance method The description given bv 
Goudsmit et al was supported by most of the data, and indicates that 
the low clearance at low plasma sulphate levels is attributable to tubular 
reabsorption, a process possibl) characterized, as the) suegest, b) a 
maximal rate 

Lotspeich’s *’ * studies of sulphate excretion in the dog show that 
at normal plasma concentrations and normal filtration rate, sul 
phate is almost quantitativel) reabsorbed With an> slight in 
crease in filtered load, the reabsorptive cipacit) is rapidl) ex¬ 
ceeded, 1 e the threshold is ver> sharp (fig 26) The rate of re 
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absorption is constant from plasma concentrations of r.2 to 20 
mM/liter (Joad/Tm ratios of 1.0 to 12). Lotspeich warrantably 
infers that sulphate is reabsorbed by an active process, and de¬ 
fines a maximal rate of reabsorption (sulphate Tm). 

Sulphate Tm had a value in 2 dogs of about 0.166 and 0.135 
mM/100 cc. of glomerular filtrate. Since plasma sulphate is de¬ 
rived only from metabolic production, without significant storage 
in any organ, the plasma concentration is determined at any 
moment by the balance between the filtration rate and sulphate 
Tm. This is unlike the situation with glucose, amino acids, etc., 
where the plasma concentration is maintained by extrarenal regu¬ 
lation at levels too low to effect tubular saturation. A similar 
situation exists in the excretion of endogenous creatinine chromo¬ 
gen in some individuals, and is approached but not equalled in the 
excretion of creatine and phosphate. Plasma sulphate can be ex¬ 
pected to rise as glomerular filtration is reduced, as noted by 
Goudsmit and Keith, 111 but it remains susceptible to variation as 
a result of variation in protein metabolism. 

Under normal conditions, sulphate reabsorption is independent 
of chloride and phosphate load. Decreased reabsorption is as¬ 
sociated wnth hypertonic sodium chloride diuresis, but not with 
the increased sodium and chloride reabsorption that accompany 
an increase in filtration rate; hence it appears that the former is 
related to the disturbances of osmotic diuresis. 

Sulphate is ordinarily considered to be an inert waste product, 
but the studies of Dziewiatkowski iS7 have shown that exogenous 
sulphate can be used to form the ethereal sulphate fraction in the 
urine, the evidence indicating that if sulphur from other sources is 
used for this purpose it is first converted to sulphate before being 
conjugated with phenols. This observation gives some meaning to 
the conservation, by active tubular reabsorption, of this anion. 


URIC ACID 


For a century after the discovery of uric add by Scheele (i 77 ^)» 
this compound occupied an important place in biochemical re¬ 
search. It has been of special interest because it is frequently the 
material of renal calculi and gouty deposits, and because of the 
peculiarities of its metabolism. 
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~ In the mammals, waste nitrogen is excreted chiefly as urea, and 
uric arid appears in the urine only in consequence of the metabo¬ 
lism of the purine bases which are constituents of ingested nucleo- 
proteins and of endogenous metabolism. The nucleic acids are de¬ 
graded to nucleotides and ultimately to the purine bases, which 
are then converted to uric acid. In most mammals the uric acid is 
then oxidized to allantoin, giving a low uric acid/allantoin ratio 
in the urine; but in man, the anthropoid apes, and the New World 
monkeys,and in the Dalmatian coach hound, a great fraction 
of the uric acid is excreted as such. Although the Dalmatian hound 
converts uric acid to allantoin less readily than other breeds, this 
circumstance seems to play a minor role in determining the dif¬ 
ferences in excretion. In the Dalmatian, the uric acid clearance is 
identical with the filtration rate, consequently the compound is 
rapidly excreted with minimal oxidation to allantoin. 7 ” In other 
breeds, on the contrary, the uric acid clearance is only some 25 per 
cent of the filtration rate, probably because of tubular reabsorp¬ 
tion (vide infra), and this slower rate of excretion permits a greater 
fraction to be oxidized. In man, however, the uric acid clearance is 
also low (6 per cent of the filtration rate), and here one must look 
to differences in the velocttv of oxidation to explain the low' uric 
acid/allantoin ratio. The high uric acid/allantoin ratio in the 
Dalmatian is a genetic character following the Mendelian law and 
correlating with spottiness. 

Previous determinations of plasma uric acid and of uric acid 
clearances are open to question because of the non-specificity of 
the older colorimetric methods. Bonsnes, Dill, and Dana*” record 
having a bibliography of 280 titles of papers dealing with the 
quantitative determination of this substance. Blauch and Koch ,,s 
have introduced an enzymatic method, which has been further 
modified by Bulger and Johns,*” this last modification being, 
presumably at least, better than any of the other 280 methods. 

Brjlchner-Mortensen * M **» I reported uric acid clearances in nor¬ 
mal men, fasting or on a purine-free diet, of 6.9 cc. at urine flows 
above 1.0 to 2.0 cc.; in simultaneous determinations the uric 
acid/urea clearance ratio averaged 0.10, the uric arid/exogenous 
creatinine clearance ratio o.c6. The use of a more specific plasma 
uric acid method would probably have doubled these figures. 1 ” 



128 CLEARANCES INVOLVING TUBULAR REABSORPTION 

This author 2iS reported no significant difference in the uric arid 
clearance in normal and gouty subjects. The clearances tended to 
decrease at urine flows below i cc., but since the urine samples 
were not collected by catheter the significance of this decrease is 
uncertain.” 4 Coombs, Pecora, Thorogood, Consolazio, and Tal¬ 
bott, 400 using the Benedict-Behr method, report the uric acid and 
inulin clearances as averaging, respectively, 11.5 and 113 cc. in 8 
subjects without gout or renal disease, and 6.5 and 68 cc. in 9 sub¬ 
jects with gout. Talbott 1041 reports these figures as ranging from 
6 to 12 cc. for urate and 100 to 140 cc. for inulin in control subjects, 
and 4 to 11 cc. for urate and 12 to 130 cc. for inulin in patients with 
gout. It is clear from Talbott’s data that many gouty patients 
have severe renal impairment (21 out of 27 had inulin clearances 
below 100 cc.) but it is not established that this is attributable to 
gou t perse* There was no difference in the range or average of the 
urate clearances in Talbott’s gouty subjects (10 cc.) and in those 
without gout who were studied by Coombs et al .,f 400 and it is gen¬ 
erally agreed that the tendency for uric acid to accumulate in the 
tissues in gout is not referable to deficient renal excretion.** 

At an average plasma concentration of 6.26 mg/100 cc. of‘true’ 
uric acid, the urate/inulin clearance ratio averages 0.083; at to.06 
mg/loo cc. this ratio averages 0.095.-“ The normal true urate 
clearance in man may therefore be taken as about 12 cc. The non¬ 
urate chromogen in plasma, as determined by Bulger and Johns’ 
method, consists largely of chemically uncharacterized purine 
metabolites that are cleared at about the same rate in man as is 
true unc acid at low plasma levels.”** 

Berglund and Fnsk assumed that the uric acid clearance deficit 
was attributable to the circumstance that only a small fraction of the 
plasma unc acid is filtrable. However, when examined by customary 
ultrafiltration procedures using collodion, cellophane, or other semi 
permeable membranes, the filtrable fraction is variously reported as 
70 to 100 per cent, a figure which vanes between species and between 

* Unc aad salts injected intravenously have a very toxic action on the kidnevs 
and accumulate in these organs in large quantities ,H and the ktdnejs may be 
the locus of unc aad deposition in severe gout. 

t There is reported to be a sex difference in plasma urate levels in normal 
subjects, and the tendency to maintain a high plasma level of urate appears to 
be a genetic phenomenon 
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different individuals. (Berliner, pers. com.) ®- 2S !8>21S 2M <97 772 U2 < 22 * 7 Levine 
and his coworkers lM «-* 347 have argued that the clearance deficit is attrib¬ 
utable to the circumstance that much of the uric acid in plasma exists 
in the form of non-filtrable pol) meric urate complexes, and that sub¬ 
stances which increase the excretion of uric acid (uricosuric agents) do 
so by increasing the filtrable moiety. The arguments leading to this 
conclusion are as follows: a relatively small quantity of uric acid is 
present in cerebrospinal fluid, indicating lack of diffusibility on the 
part of the plasma urate. Within 12 to 24 hr. after ureteral ligation in 
the chicken, the average plasma total urate chromogen increased from 
5.8 mg/100 cc , of which 86 per cent was true uric acid, to 304 mg/100 cc. 
of which 93 per cent was true urate. In normal chickens, 71 per cent of 
the plasma true urate was ultrafiltrable through cellophane, while 82 
per cent was ultrafiltrable in the azotemic chickens. When plasma or 
ultrafiltrates are refrigerated a heavy flocculent precipitate of urate 
forms, and fresh ultrafiltrate from both normal and azotemic chickens 
presents a Tyndall phenomenon which is greatly enhanced in the latter, 
indicating the presence of colloidal material Since the true solubility 
of urate in plasma water is of the order of 23 mg/100 cc., it follows that 
less than 10 per cent of the true urate in the azotemic ultrafiltrate is in 
true solution, the rest consisting of an ultrafiltrable polymer which passes 
readily into the colloidal state. In the plasma, an additional moiety (some 
29 per cent of true urate in normal plasma and 18 per cent in azotemic 
plasma) is alleged by these authors to be bound on plasma protein and 
thus rendered unavailable for filtration. These investigators believe that 
the glomerular membrane is permeable to the ultrafiltrable polymeric 
urate, and that both the protein-bound and colloidal-polymeric forms 
may become available for tubular excretion in the chicken as the plasma 
concentration of true uric acid is reduced by diffusion into the renal 
interstitial fluid. They argue that analogous conditions may obtain at 
normal urate levels in man, the presence of protein-bound and colloidal 
urate accounting for the low clearance value. Hence they suggest 
that uricosuric agents increase the excretion of uric acid by increasing 
the ultrafiltrable fraction and not by reducing tubular reabsorption. 

The interpretation advanced by Wolfson and his coworkers cannot 
be accepted as established. Byers and Friedman,* 08 from a comparative 
study of the distribution of urate between plasma and cerebrospinal 
fluid in the non-Dalmatian and Dalmatian dog, conclude that the 
blood-brain barrier is selectively discriminatory against the entrance 
of both allantoin and uric acid, and that the low concentration of urate 
in the cerebrospinal fluid is not attributable to polymerization. They 
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advance other lines of evidence that plasma urate is essentially all 
ultrafiltrable. 

In subjects with severe renal disease ««the uric acid/inulin clearance 
ratio may rise to 0.70 to 0.88 and it is difficult to see why renal disease 
would affect either the polymerization or protein binding of uric acid 
in the plasma. It is also difficult to believe that uric acid would poly- 



Figure 27. Excretion of unc acid in 3 normal subjects in relation to filtered 
load. Note the marked splay in the titration curve (Berliner, Kennedy, Hilton, 
and Yu, pers com.) 


merize in the plasma of the common dog and not in the plasma of the 
Dalmatian hound, or that sorbitol would decrease polymerization when 
mannitol does not. The demonstration by Friedman and Byers ™ that 
salicylate increases the unc acid/creatinine clearance ratio in the 
common dog but not m the Dalmatian hound, in which this ratio is 
normally 1.0, is further evidence that the clearance deficit is largely if 
not entirely attributable to tubular reabsorption. 

Recent studies of Berliner, Kennedy, Hilton, and Yu (pers. 
com.) reaffirm the complete hltrabiJity of uric acid from human 
plasma and demonstrate that there is an apparent maximal rate 



URIC ACID EXCRETION IN THE CHICKEN I 3 I 

of reabsorption in man, having a value of about 15 mg/min 
(11 8 mg/min per 100 cc of glomerular filtrate) This value is so 
high that saturation almost certainly never occurs under physio 
logical conditions There is considerable splay in the titration 
curve, appreciable excretion occurring at load/Tm ratios as low 
as o 5, while a load/Tm ratio of 1 25 to 1 50 is required to effect 
saturation The titration curve in two individuals proved to be 
reproducible, and the authors believe that the splay m this curve 
reflects the kinetics of reaction in the transport system rather than 
disparity in glomerular-tubular balance (fig 27) 

In view of the non specificity of the uric acid method, it is impossible 
to interpret the earlier data on unc acid clearances reported by 
Brpchner Mortensen 185 after feeding nucleoprotein or purines 

Grabfield and his coworkers,* 3 ’ 833 in studies of the uricosuric effect 
of cinchophen, assert that unilateral renal denervation abolishes this 
uricosuric effect in both kidnejs The observations are, however, not 
controlled with respect to renal dynamics or postoperative metabolic 
disturbances of lymphoid and other tissues rich in uric acid precursors, 
and it cannot be accepted as proved that denervation of the kidney has 
any specific effect on the excretion of uric acid 

URIC ACID EXCRETION IN THE CHICKEN 

The discovery that uric acid is present in large amounts in the excrement 
of birds was made by Fourcroy and Vauquehn (18n) shortly after 
Scheele’s (1779) isolation of this compound from urinary calculi It is 
now recognized that uric acid is a major nitrogenous product of protein 
metabolism in the insects, arid living reptiles, and birds, a circumstance 
which has been interpreted as a biochemical adaptation to and terrestrial 
life, for the properties of this substance are such that it can be excreted 
with a minimum of water 15 ' 6,1831 

In view of the importance of unc acid in the metabolism of the birds, 
the mechanism of its excretion is a matter of considerable interest Uric 
acid constitutes some 60 per cent of the total nitrogen in the ureteral 
urine of the chicken, the remaining nitrogen being mostly in the form 
of ammonia, creatine, and small quantities of urea (the normal urea 
content of chicken plasma ranges from 00 to 1 7 mg/100 cc 1044 1 639 ) In 
and living snakes the urine may take the form of dry concretions, of 
which unc acid composes 63 to 67 per cent of nitrogenous material, the 
rest consisting of ammonia and uncharactenzed nitrogen Urea, creati 
nine, and creatine are nearly or completely absent 11171118 
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Ma> rs ,C4 earJ> suggested that unc acid is excreted b> the tubules of 
the chicken, since he found that the (ureteral) U/P ratio was consider- 
abl) greater than the simultaneous U/P ratios of phosphate and sul¬ 
phate A little later, Gibbs 7 " showed that the concentration in the 
(ureteral) unne nu) reach such extraordmarj \alues as 2r,6oo mg/ioo 
cc , and the U/P ratio, 3, 1 jo Marshall UM has shown that the unc acid 
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Figure 28 Unc aad/inulin clearance ratio in the chicken m relation to unc 
acid plasma concentration (Shannon ,,H ) 

clearance in the phlonzinized chicken and iguana constderablj exceeds 
the glucose clearance 

Shannon’s 1858 studies of the chicken show that at normal plasma unc 
acid concentrations, the unc aad/inulin clearance ratio ranges from 
7 5 to 15 8, indicating that 87 to 93 per cent of the unc acid is excreted 
b> the tubules As the plasma unc acid lesel is raised, this ratio is 
depressed (owing to reduction in the unc acid clearance) until at plasma 
levels of 100 me/100 cc it has a value of 1 8 to 3 2 (fig 28) Tubular 
excretion (T) increases with increasing plasma level until the latter has 
a \ alue of 20 to 30 mg per cent, when it reaches an apparent maximum 
(Tm) At normal plasma Ie\ els T is 50 per cent or more of Tra (fig 29) 
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Figure 29 Tubular excretion of unc acid in the chicken in relation to the unc 
acid plasma concentration The experiments included in this chart shotted no 
marked change in filtration rate, but the data have been corrected to 100 cc 
of filtrate to eliminate technical errors Although the data at the left represent 
observations at normal plasma uric acid concentrations, the rate of tubular 
excretion is already 50 per cent of the maximal rate Chicken N on 1 occasion 
showed an abnormally low filtration rate (circles) by about 60 per cent (Shan¬ 
non UM ) 
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venous administration of glucose in quantities sufficient to induce 
osmotic diuresis increases the uric acid clearance 
As argued above and supported by the evidence on experiments with 
salicylate, diodrast, and glycine, the uricosuric action may be attributed 
to reduction in tubular reabsorption 

■VITAMIN C 

Ralll, Fnedman, and Rubin ,ro have shown that the reabsorption of 
vitamin C is limited by a maximal rate, which in three individuals 
averaged 2 16 mg (i 77 mg/100 cc of glomerular filtrate) * They ob¬ 
served no change m the reabsorptive process accompanying the elevation 
of the plasma glucose to 300 mg/100 cc, a value sufficiently high to 
saturate the glucose reabsorptive mechanism Excretion was unin 
fiuenced by urine flow at rates of 1 5 to 15 cc/min Copious excretion 
of vitamin C as a result of tubular saturation in 12 normal adults began 
at plasma levels between r o and 1 3 mg/100 cc ,m 

Man does not sy nthesize vitamin C, but the dog does and it is interest 
ing that the mechanism of excretion in the two species is wholly simi 
lar 1477 except for the fact that Tm is somewhat smaller in the dog Three 
dogs averaged o 52 mg/100 cc of filtrate In the dog, as m man, glucose 
saturation does not appear to impair vitamin C reabsorption 

Ahlborg 14 reports a mean vitamin C Tm of 2 o ± o 19 mg/i 73 sq m 
on 17 subjects Although inulin clearances were determined simul 
taneously in some cases, in general the author used the approximation 
method of plotting UV against P, as in figure 19, and determining Tm 
by extrapolation to L and the glomerular filtration rate by the slope f 
The filtration rate as thus measured m these 17 subjects was 131 db 4 
cc/i 73 sq m Ahlborg finds that, after a single intravenous injection 
of vitamin C, the maximal plasma concentration precedes the maximal 
rate of excretion by some 20 min , since this delay appeared to him to 
be greater than could be explained by renal dead space, he interpreted 
it as an interval in which the renal tubules appropriate and store vitamin 

* It has now been experimentally demonstrated that vitamin C is completely 
ultrafiltrable from plasma IT ‘* Leblond 1=1 has reported that it is present m the 
capsular flu d of the frog in the same concentration as in the plasma- 

t The danger of short-cut methods needs repeated emphas s In this instance 
UV will increase in simple proportion to PCy and not to P, and a change in 
filtration rate from period to period will introduce an error into Tm The filtra 
tion rate so estimated would approximate the average value obtained in all 
periods The changes in vitamin C reabsorption induced by estradiol, sodium, 
diodrast etc., as described below, would have been difficult if not impossible 
to detect by this method- 
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C in the same sense in which other body tissues store it, and that 
equilibrium conditions with respect to tubular reabsorption are not 
reached until after the tubule cells are saturated No such delay was 
observed with falling plasma concentrations after the tubules were once 
equilibrated 

Giroud and Leblond 788 report that, after intravenous administration 
to guinea pigs, vitamin C is found only m the cells of the proximal 
convoluted tubules and the descending limb of Henle’s loop, and inferred 
that reabsorption is a function of the proximal tubule 
Sendroy and Miller 1 **® have shown that the urinary excretion of 
vitamin C after the administration of a test dose is decreased in renal 
disease, excretion roughly paralleling the urea clearance This is to be 
expected in view of the mechanism of excretion The vitamin C/urea 
clearance ratio after a large test dose of vitamin was found to be elevated 
with respect to the normal ratio, but in the absence of measurement of 
vitamin C Tm nothing can be learned from their data about the effects 
of disease on the reabsorptive process 

Friedman, Sherry, and Ralh TQ ® find that at plasma levels varjing 
003 to 14 mg/100 cc the vitamin C clearance tends to stabilize at 
about I to 3 cc and they conclude that reabsorption is never complete 
This is in conformity with the kinetic theory, but their statement that 
according to this theory there exists a minimal clearance which is inde 
pendent of plasma level is incorrect 

Progesterone (5 mg) and desoxycorticosterone (2 mg) injected intra 
muscularly in rabbits 4 to 5 hr before the test are reported to reduce the 
creatinine clearance and therefore the excretion of vitamin C, but 
apparently do not affect the reabsorptive process 1889 

Diethylstilbesterol causes enhanced unnary excretion of vitamin C 
in rats, which are capable of synthesizing this vitamin This observation 
led Selkurt, Talbot, and Houck 1897 to examine the effects of repeated 
daily administration of estradiol benzoate (progynon B) on tubular 
reabsorption m the dog These investigators report that vitamin C Tm 
is subject to fairly precise measurement and capable of duplication over 
a considerable period of time when the load/T ratio is adequate to effect 
saturation There is considerable splay in the normal titration curve, 
as shown in figure 30, where the smooth curves represent the means of 
numerous control observations on each of 4 dogs Frank vitamin excre 
tion, begins at a load/Tm ratio of 03, and saturation (T/Tm = 1 o) is 
not reached until a load/Tm ratio of about 30 It is only in terms of 
these quantitative relations in the normal process of excretion that the 
effects of any experimental procedure can be interpreted 
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As shown in figure 30, estradiol benzoate causes a variable but some¬ 
times marked reduction in the reabsorptive capacity of the tubules at 
any given load of vitamin. Decreased tubular reabsorption increases the 
vitamin clearance, so that in some cases the latter approaches the creati¬ 
nine clearance, as shown in figure 31. Hence depletion of plasma vitamin 



Figure 30. Effect of estradiol benzoate on vitamin C reabsorption in the dog 
Tm was measured independently at load/T values high enough to assure satu¬ 
ration. Open symbols, control, solid symbols, during estradiol treatment; serai- 
solid s>mbo!s, dunng recosery. Each symbol represents an experiment into 
which are av eraged 3 to 6 consecutive urine collection periods. 

Control data on each dog were combined into a mean titration curve (solid 
Une) which is taken to show the normal relationship between load and reab¬ 
sorptive capacity The dotted line shows the relationship to be expected for a 
substance completely reabsorbed by the tubules up to tubular saturation. (Sel- 
kurt, Talbot, and Houck i* 17 ) 

C occurs, which presumably leads to acceleration of synthesis and 
thereby further increases the rate of excretion through efforts to main¬ 
tain the plasma level.* 

The administration of estradiol benzoate produced a slight increase 
in filtration rate (+13, 18, and 22 per cent) in 3 out of 4 dogs, possibly 
because of an expansion of extracellular fluid. There was no change m 
the average pH of the unne in 1 dog (control = 5.79, 25 observations; 

* Here, as in the case of creatine, a purely renal effect can be responsible for a 
marked increase in excretion under an expenmental procedure. Studies based 
on excretion data alone are therefore a very hazardous means ofgaining informa¬ 
tion on intermediate metabolism of any compound. 
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experimental = 5 96, 28 observations), while estradiol was being given 
The creatinme/manmtol clearance ratio averaged 1 03 m 16 urine 
samples All dogs showed increased capillary fragility and petechial 
hemorrhages, possibly because of avitaminosis, and the clotting time 
was noticeably increased Severe anemia resulted in the death of a, dogs 
several weeks after the injections were stopped 



Figure 31 Effect of estradiol benzoate on the ascorbic acid/creatimne clearance 
ratio Open symbols, control, solid symbols, during estradiol treatment, semi 
solid symbols, during recovery Each symbol represents a clearance experiment 
into which are averaged 3 to 6 consecutive unne collection periods 
The normal relationship is indicated by the solid line (Selkurt, Talbot, and 
Houck “'O 


Kidneys were obtained from I dog 21 days after the last injection of 
estradiol, when it had died from anemia Except for postmortem changes, 
the organ appeared to be normal A kidney removed from another dog 
while receiving daily injections of o ill mg/kg of estradiol, and during 
the maximal effect on vitamin C reabsorption, also appeared normal, 
the only significant alteration being in the arterioles, which were uni 
versally thickened at the expense of the lumen The cells of the media 
were large, fairly clear, and sometimes in two layers The juxtaglomerular 
apparatus was prominent whenever encountered, but no granules were 
seen in its cells In some areas there was a slight increase in interstitial 
connective tissue surrounding a few tubules and more rarely the glomer¬ 
ulus 

One of the most striking effects of estradiol treatment in dogs is 
marked anemia However, the depression of vitamin reabsorption 
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occurred in all dogs before maximal anemia had dev eloped, and reabsorp- 
tion tended to return to normal after cessation of treatment when 
anemia was still present Hence it does not appear that anemia is 
responsible for the phenomenon 

The splaj in the vitamin C titration curve may reflect variation in 
the filtration rate/reibsorptne capacity ratio m individual nephrons, 
or it may reflect an intrinsic characteristic of the reabsorpme system 
whereby the efficiency with which the vitamin is removed from the 
tubular urine, even below the level of saturation, decreases as its con 
centration in the urine is increased Selkurt et al conclude that a final 
choice between these alternatives cannot be made from the present 
evidence However, the fact that there is no large change in the filtration 
rate suggests that estradiol increases the splay m the titration curve by' 
altering the kinetics of the reabsorptive process rather than by altering 
the filtration rate/reabsorptive capacity ratio in individual nephrons 
This inference is supported by the fact that Tm is unchanged by treat 
ment, although a greater load/Tm ratio is required to effect saturation 

Since estradiol is known to increase the excretion of sodium chloride 
and potassium chloride, Selkurt and Houck Ir>< examined the effects of 
infusing these electrolytes on vitamin C reabsorption Control experi¬ 
ments in which creatinine and vitamin C were infused demonstrated 
that variations in apparent Tm were sbght from period to period, relative 
to the average of all values for Tm (<r/M = 015) The prolonged infusion 
of mannitol in sufficient amounts to produce osmotic diuresis had no 
effect on Tm 

The continuous infusion of sodium chloride (6 per cent at 1 1 
following an average priming dose of 4 5 gm of sodium chlonde in 13 
to 19 kg dogs) depressed vitamin C Tm to 48 per cent of the control 
value after 20 min , to 37 per cent after 31 5 min and to 36 per cent 
after 44 min The sodium chlonde increased the filtration rate by 12 
per cent The injection of 19 to 24 cc of 10 per cent potassium chlonde 
dunng an interval of 10 min depressed vitamin C Tm to 58 per cent of 
normal 6 7 min after the beginning of the infusion, and to 36 per cent 
at 16 mm, after which Tm returned to normal or slightly above The 
potassium chlonde increased the filtration rate by 165 per cent and 
the PAH clearance by 13 6 per cent It is concluded that sodium chlonde 
and potassium chlonde decrease vitamin C Tm by some tubular action 
other than osmotic diuresis, since mannitol has no such effect 

Selkurt ,K0 has further shown that, when the excretorv mechanism of 
the tubules is saturated with p-aminohippunc acid (P^H), the reabsorp- 
tion of vitamin C is immediately blocked, but recovers gradually despite 
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continued PAH saturation * PAH excretion at rates less than maximal 
(10 to 30 per cent of Tmp A n) have no effect on vitamin C Tm Changes 
in filtration rate are excluded as a possible cause of the decreased reab 
sorption 

Saturation of the renal tubules by glucose in Selkurt s hands also 
transiently blocked the reabsorption of the vitamin, partial recoaery 
occurring even though glucose saturation was maintained t Constancy 
of the filtration rate and of glucose Tm excludes the interference of 
vascular effects Although glucose reabsorption and PAH excretion 
offer only slight mutual interference, the depressant effects of glucose 
and PAH on vitamin C reabsorption are qualitatively additive Phlorizin 
appears to impair but not block completely the reabsorption of vitamin 
C in the rabbit ,MS 

It appears that vitamin C reabsorption is linked in some way with 
tubular reabsorption (glucose) and tubular excretion (PAH) of other 
substances, but, since glucose reabsorption and PAH excretion do not 
occupy a common transfer mechanism, the linkage is probably not a 
matter of competition for a specific cellular component, but rather 
competition for the energy necessary for tubular transfer, or attributable 
to entirely secondary factors The fact that, despite reduction of vitamin 
C reabsorptive capacity to zero or nearly so by all of the above men 
tioned procedures, considerable recovery occurs in the face of continued 
administration of the depressing agent argues in favor of the last 
interpretation 

PANTOTHENIC ACID 

Wright, Beyer, Skeggs, Russo, and Patch, 2275 using a microbio¬ 
logical assay method, find that, at normal plasma concentrations 
(o 10 to o 32 7/cc ), pantothenic acid is non dialyzable at pH 7 4 
On the addition to the plasma of 2 7/cc , the added pantothenate, 
when dialyzed against o 9 per cent saline, is quantitatively re 
moved, and, when such fortified plasma is equilibrated with buffer 
having the same pantothenate content, the added pantothenate 
is approximately equally distributed between the plasma and the 

* Under these conditions in man the urine becomes maximally acid for a 
short time 

t The effect of glucose is here in contradiction with the negative results 
reported by Ralli et al and Sherry et al a difficulty which may be resolved by 
the fact that these invest gators allowed a considerable period to elapse after 
injecting glucose and before making further observat ons on vitamin excretion 
thus allow ng the vitam n reabsorptive mechanism to recover 
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dialysate. It appears that the non-diffusibihty of ‘endogenous 
pantothenate’ cannot be attributed to reversible adsorption on 
plasma protein, since exogenous pantothenate is not so absorbed, 
but the existence of this non-diffusible blank must be taken into 
account in calculating the exogenous clearance. 

Wright et ah find that the clearance of 'endogenous panto¬ 
thenate’ at normal plasma levels in the dog is of a very low order, 
0.1 to 0,5 cc. However, when the plasma concentration is increased 
by the oral or intravenous administration of the vitamin to about 
o 5 y/cc., the clearance rises abruptly and at plasma concentra¬ 
tions above 1.0 y/cc., the pantothenate/creatinine clearance ratio 
equals j.o. It is concluded that exogenous pantothenate is ex¬ 
creted by filtration without tubular reabsorption, the low clear¬ 
ances at plasma concentrations below 1.0 y/cc. being artificial!} 
reduced by the inclusion in the plasma term of the relatively large 
fraction of non-diffusible and therefore non-filtrable endogenous 
material.* 

•Examination of the data indicate to the writer that a small systematic 
negative error in the recov cry of plasma pantothenate would bring the behavior 
of the compound in line with vitamin C and creatine, compounds with small Tm 
values. That such an error may exist is indicated by the tendency for the 
pantothenate/crcatinme clearance ratios to exceed 1 o at high pantothenate 
plasma levels This possible error does not necessarily have any relation to the 
presence of non filtrable endogenous material in the plasma. 
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Clearances Involving Tubular Excretion 


A brief enumeration of substances that have been demonstrated 
to be excreted by the tubules will serve as a convenient preview 
Phenol red is excreted by the tubules in all animals examined 
the aglomerular fishes, Lophius piscatorius and Opsanus tau, ltil 
the frog, 1 * 0 678 1389 the dogfish, 1948 the chicken, 1828 the dog, 1393 1407 

1847 187! anc J man 800 

Creatinine (exogenous) is excreted by the aglomerular and 
glomerular tubules of the fishes, 191 878 1402 1403 1628 1844 1848 1858 1880 and 
by the glomerular tubules of the chicken, 1888 the anthropoid apes, 
(Houck, pers com ) 1838 and man 1848 
Creatinine (exogenous) is excreted without tubular excretion or 
reabsorption in the frog, 874 turtle, 898 dog 1721 1848 1849 2093 sheep, 1881 
rabbit, 1080 seal, 1927 and cat 744 (and probably the rat 7oa ) 

Creatine is excreted by the aglomerular and glomerular tubules 
of the fishes, 1402 1828 but it is reabsorbed by the tubules in the dog 
and man 1821 

Urea is excreted by the tubules of some fishes 1403 and of the 
frog, 13 9 8 1139 2182 but not in Necturus 2134 
(Urea is passively reabsorbed by the tubules in the chicken, 1839 
rabbit, 1090 dog, 1880 and man 383 1888 ) 

» 4 3 
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(Urea is actively reabsorbed by the tubules in the entire Sub¬ 
class Elasmobranchii (sharks, rays, skates, and chimerae), in 
which it serves a special role in the regulation of osmotic pres- 
sure. 1 ”*) 

Uric acid is excreted by the tubules in the chicken 1854 and 
reptiles. 119 * 

(Uric acid is reabsorbed by the tubules in man (ch. v).) 

In addition, it has been demonstrated that the tubules of the 
human (or dog) kidney excrete other phenol sulphonephthalein 
derivatives (unpubl. obs.), hippuric acid, and various hippuric acid 
derivatives, including hippuran and p-aminohippuric acid, as well 
as other conjugated aromatic acids such as cinnamoylglycine and 
phenaceturic acid, certain pyridone derivatives such as diodrast 
and N-pyridone acetic acid, penicillin and various acetylated 
sulfonamide derivatives. The fact that most of these substances 
are foreign to the body does not in the least diminish their physio¬ 
logical importance, for not only have they afforded valuable in¬ 
formation on the mechanism of tubular excretion but many of 
them are related to non-metabolizable aromatic residues, such as 
hippuric acid, which normally occur in blood and urine and the 
effective excretion of which may be important. 

PRINCIPLES OF TUBULAR EXCRETION 

Where the clearance of any substance, X, which is not synthesized 
by the kidneys is greater than the simultaneous inulin clearance in 
man (or creatinine clearance in the dog), i.e. when the X/inulin 
(or creatinine) clearance ratio is greater than i.o, it may be ac¬ 
cepted that X is excreted by the tubules in addition to being 
filtered through the glomeruli. 

PROTE1X BIXDIXG 

As previously noted, many, if not most, weak electrolytes are 
bound by plasma albumin, a circumstance which reduces their 
availability for filtration, since the glomerular filtrate will contain 
the substance in the same concentration as it is present in the un¬ 
bound (or free) state in the plasma water. If the plasma concen¬ 
tration of X is indicated by P„ the unbound fraction by F, the 
water content of the plasma by W, and the filtration rate by Cf> 
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then the rate of filtration * of X in mg/min will be 
(1) PxFYVCf 

Protein binding, although it may somewhat retard diffusion 
from the peritubular capillaries into the interstitial fluid, will not 
otherwise render the substance unavailable for tubular excretion 
because as fast as the concentration in the interstitial fluid is re 
duced by abstraction into the tubules, more of the substance will 
diffuse from the capillaries, reducing the plasma concentration and 
thereby promoting the dissociation of the protein X complex, 
the combination with protein being rapidly reversible, in principle 
all the substance contained within the plasma may (and actually 
does) dissociate and escape by diffusion before the blood emerges 
from the peritubular capillaries 

If removal is complete, the total rate of excretion (U X V) divided 
by the plasma concentration (P x ), or the clearance of X, will be 
equal to the volume of plasma perfusing the glomeruli and tubules 
per unit time No substance not synthesized by the kidneys can 
have a clearance greater than the renal plasma flow The clearance 
will be less than the renal plasma flow if renal extraction is for any 
reason incomplete 

The possible values of renal clearances are illustrated in figure 6 

The plasma extraction ratio,f E, is the fraction removed be 
tween the renal arter) (A) and renal vein (V), 1 e (A — V)/A 
For any substance (regardless of tubular reabsorption or tubular 
excretion) the clearance, C*, divided by E* must be equal to the 

* W appears in equation l because F refers the concentration in the water of 
the ultrafiltrate Pf, to that in whole plasma P Pj is directly determined and 
is properly related to P w , where P w = P/W, \\ being the plasma water content 
The ratio Pf/P„ is determined by the plasma concentration of albumin and the 
specific adsorbability of X, and the relations between the concentration of X 
and concentration of albumin can be generalized in an exponential equation or 
in a nomogram such as that given by Smith and Smith 460 for phenol red and 
d odrast If, in the nomogram, P| is referred to P without regard to W, the true 
stoichiometr c relation would be d storted by variations in \\ and the nomo¬ 
gram would be appl cable only to a particular sample of plasma with a certa n 
value of W By dividing Pf/P w by W, one obta ns a ratio P*/P (as Smith and 
Smith reported it) that is independent of W Generally one uses an average 
value of FW and avo ds the determination of W 

t Sheehan w * first used the terms extraction ratio in connection with the 
removal of dyes from the blood perfusing the rabbit s kidney, but he did not 
study the concurrent excretion in the urine 
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total volume of plasma perfusing the kidney (and all accessory 
tissue supplied by the renal artery and drained by the renal vein) 
per unit time, i.e. the total renal plasma flow, RPF: * 

(2) ^ = RPF 

Ex 

As in the case of tubular reabsorption, tubular excretion in 
every instance that has been adequately examined is limited by a 
maximal rate of tubular transport. The rate of tubular excretion, 
Tx, is the difference between the total rate of excretion, U*V, and 
the filtration rate of X, i.e. 

( 3 ) T. = U.V - CrP.FW = FW) P, 

As P* increases, T* increases proportionally until the tubular 
transport system becomes loaded to capacity, when T x reaches its 
maximal value, Tm x . 

It was seen in chapter v that there are a number of independent 
transport systems involved in the tubular reabsorption of glucose, 
phosphate, sulphate, amino acids, etc. In tubular excretion, on 
the contrary, apparently all substances share a common element 
in one of two transport systems because, in all instances in which 
an adequate examination has been made, the loading of the tu¬ 
bules with one substance depresses the tubular excretion of all 
other substances in one of two groups. This is presumably a result 
of competition within the transport system rather than an in¬ 
hibitory or toxic action, since it is freely reversible. 

Tm x is determined by maintaining P x at such value that the 
load of X delivered to the renal tubules is substantially in excess 
of the actual quantity being excreted by the tubules, T x ; i.e. the 
load/T ratio should be 1.5 or greater. The load of X delivered to 
the tubules is calculated as the product of the volume of plasma 
perfusing the tubules times the plasma concentration, P*. Actu¬ 
ally, all the plasma which flows through the glomeruli perfuses 
the tubules, but any X contained in the glomerular filtrate is 

* This statement takes no account of Joss in the renal lymph or extraction 
from the red cells dunng passage through the renal circulation. The renal Ijmph 
flow is normally very small and loss by this route is apparently negligible, and 
most substances of practical importance do not enter the red cells in man. 
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thereb} diverted into the lumen of the tubules and ceases to be 
part of the load available to them for excretion One must there 
fore calculate this load as the total renal plasma flow, RPF, times 
P x minus the quantity of X which is filtered, which is P x CfFW, or 

(4) tubular load of X = P X RPF — P x C f FW 

= P X (RPF - C f FW) * 


Since RPF cannot be measured simultaneously with Tm x , it is 
conventional to substitute the clearance of X as determined just 
before elevation of P x to high levels 

(5) load* = P X (C X - C F rW) 

and the load/T x ratio is 

P*(Cx - C f FW) 


Alternatively, one may ‘titrate the kidneys with X in a manner 
wholly analogous to the titration with glucose (p 87) and deter 
mine the load at which T x becomes constant and maximal Here 
one must assume that RPF remains constant during the titration 
process So long as T x increases m proportion to P x , Cx will remain 
constant, but as soon as tubular saturation occurs and T x no 
longer increases in proportion to P x , Ex will begin to decrease (X 
will be carried into the renal vein in larger and larger quantities) 
and Cx will decrease This depression of a clearance by overloading 
the tubules is called self depression of the clearance, in contra 
distinction to the depression caused by some other competitive 
substance 

The evidence indicates that cellular ‘storage* (involving a time 
factor as well as concentration) is not concerned in tubular ex 

* Another method of expression leading to the same result is to speak of the 
virtual volume of tubular perfusate as V© and to write 

( 4 a) Vo - RPF - CfFW 

and 

tubular load — P x Vo 


For the statistical anal) s s of tubular perfusion this is a more convenient method 
of expression than the one above 
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cretion, the substance involved being transported rapidly from 
pJasma to wine without accumulation in the tubule cells How¬ 
ever, equilibrium between plasma and tubule cells is not instan¬ 
taneous, and large errors can creep into clearance determinations 
if the plasma concentration is changing rapidly. 

DIODRAST (DIODONE) 

3,5-^/iodo-4-p> ridone-N-acetic acid 
The quantitative study of renal plasma flow and of tubular func¬ 
tion by saturation methods evolved historically in the sequence: 
phenol red, diodrast, and p-aminohippuric acid, the last named 
being now in almost universal use because of the ease with which 
it can be quantitatively determined. Despite its historic preced¬ 
ence, the excretion of phenol red will be deferred until later in this 
chapter, but so much basic physiology has been worked out with 
diodrast that a rapid survey of its excretion is advantageous. 

In recent years there have been introduced into urology various 
organic iodine compounds intended for intravenous administration or 
retrograde ureteral injection to aid in the x-ray visualization of the 
kidney, pelvis, or ureters These compounds were developed commer¬ 
cially and selected from a number of candidate substances empirically. 
Mojt of them have proved on physiological examination to be excreted 
by the tubules, which of course enhances the concentration in the urine 
after intravenous administration. The three of greatest interest are 
diodrast, lopax, and hippuran, all of which have renal extraction ratios 
close to 1 o 

The fact that diodrast and hippuran are excreted bj the tubules in 
the rabbit, dog, and man was first observed by Elsom, Bott, Shiels, and 
Walker M0 - M1 and Landis, Elsom, Bott, and Shiels, 1104 who reported that 
the diodrast or hippuran/creatimne ratios in these species are consider¬ 
ably in excess of 1 o, and that the clearance ratios are depressed as the 
plasma concentration of the solute is increased Elsom, Bott, and 
Walker 401 found that the ratio of the hippuran and phenol red clearances 
(as determined without due regard to dead space and other possible 
errors) in anesthetized rabbits sometimes exceeded by several fold the 
renal plasma flow as determined with a thermostromuhr, and they con¬ 
cluded that these substances had accumulated in the kidney in the 
interval between injection and the beginning of the clearance periods. 
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The variability of the results obscured the true relations of these clear¬ 
ances to the renal plasma flow 

In view of the importance, relative to the measurement of the renal 
plasma flow, of substances with high extraction ratios, such as phenol 
red, this group of compounds was subsequently re examined in the 
writer’s laboratory and the diodrast clearance at low plasma levels was 
developed into a renal blood flow method, while saturation of the tubules 
and the measurement of diodrast Tm at high plasma levels was utilized 
as a means of determining the quantity of functional (tubular) excretory 
tissue in the kidneys * 1938 

Diodrast is marketed as a solution of the diethanolamine salt The 
diodrast clearance is the same whether this salt or the diethylamine salt 
is administered, ,8S which is to be expected since after dilution in the blood 
the nature of the original cation is a matter of indifference 

Titrations of normal subjects 1935 show that on the average the diodrast 
clearance is independent of plasma level up to about 5 to 6 mg/100 cc 
of diodrast iodine, depending on the relative values of the renal plasma 
flow and TmD On further elevation of the plasma level, a point is 
reached where tubular excretion (Td) reaches a maximal rate (diodrast 
Tm or Tmo), which remains unchanged at higher plasma levels For the 
calculation of Tmn, FW may be determined from the nomogram of 
Smith and Smith, 1950 taking into account the concentration of diodrast 
and of plasma albumin, or the average figure of o 7a, satisfactory for 
most practical purposes, may be used 797 

How closely the diodrast clearance at low plasma levels approaches a 
complete clearance, or the total renal plasma flow, is obviously of im¬ 
portance White, 2193 utilizing dogs with explanted kidneys to permit 
puncture of the renal vein, obtained an average extraction ratio, Ed, of 
074 (range 061 to o 88), while Corcoran, Smith, and Page, 428 by the 
same method, obtained o 84 (range o 79 to o 96) Both groups of investi¬ 
gators agree that, although diodrast penetrates dog red cells very slowly 
in vstro, it penetrates rapidly in vivo , possibly during deformation of the 
cells in the capillary bed, and that about 25 per cent of this diodrast 
escapes from the cells during passage of the blood through the kidneys 
and hence becomes available for excretion, the actual clearance being 
thereby increased somewhat over the true plasma clearance According 

* Seeking some expression to convey the implication that functional measure¬ 
ments made under conditions of saturation represent the total quantity of tissue 
involved, the writer and his colleagues used the rather inept expressions tubular 
excretory mass’ and ‘tubular reabsorptive mass ' Happily, the expressions have 
never come into wide use and are abandoned without regret 
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to White and Hembecker= 0B the total renal plasma flow m the dog 
would be calculated as o 89 Cd/E d , where Ed has a value of 074, 
according to Corcoran, Smith, and Page this calculation should be 
°943 Cn/Ep where Ep = 084, m both cases, the first factor takes 
account of the contribution of diodrast from the cells B) the first 
figure, total renal plasma flow * equals 1 2 C D , bj the second I 12 Cd 
B oth groups of inv estigators used blood from the right and left renal 
vein indiscriminately, overlooking the fact that the extraction ratio 
(in both dog and man) in left renal venous blood will be lowered an in¬ 
determinate amount by the fact that the spermatic or ovarian vein 
empties into the renal vein on the left side of the bod) UM Corcoran, 
Smith, and Page pointed out that the explanted kidne) is subject to 
abnormal stresses, particular!) on the renal vein, and frequently shows 
some thickening of the capsule, and hence the observed extraction ratio 
may not represent the normal average value in the kidne) in situ It 
seems probable that, when determination of E D in the dog is made 
under conditions similar to those under w hich this value is measured in 
man, the average value corrected for diffusion from red cells will be 
about o 90 f 

The extraction ratio of diodrast in man is discussed on page 160 

Some diodrast penetrates human and rabbit red cells tn vro 
(see table 11, p 154), and White believes, on the basis of his observations 
m the dog, that some of this red cell diodrast is excreted in the unne 
However, reasons are given elsewhere (p 157) for believing that the 
extraction of diodrast from the red cells m man is negligible, and that 
the only correction involved is the overall plasma extraction ratio, 
which may be taken to be about o 90 It is of interest that diodrast is 
secreted b) the small intestine against a concentration gradient. 

TUBULAR STORAGE 

There appears to be no storage of diodrast (or of phenol red or hippuran) 
in the renal tubule cells Goldnng, Clarke, and Smith 498 showed that 
the phenol red clearance in man had the same value on a falling as on a 
rising plasma curve, but subsequent!) Elsom, Bott, and W alker Wl 

* The extraction ratio obtained by White is perhaps lowered by the inclusion 
of observations in which the plasma diodrast concentration was as h-gh as 13 
mg per cent, under which conditions the clearance was probably self-depressed. 

t Ed m the perfused isolated dog kidney is c.62, this value rising when th- 
perfusion pressure is lowered and the perils on rate decreased. The ability of 
the tubules to excrete diodrast decreases progressively during the course of an 
experiment, however, and the initial figure is certainly below the value in the 
normal animal 
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reported that the clearance of hippuran and phenol red in the rabbit 
might considerably exceed the renal blood flow as measured by a thermo- 



Ficure 32 Observations in man designed to examine the possibility of storage 
of diodrast or hippuran in the renal tubules 
The light arrows indicate the effect of diodrast (left) and hippuran (right) on 
the phenol red/inulin clearance ratio when the plasma concentration of the 
iodine compound is rising, and again when it is falling rapidly The heavy ar 
rows indicate the clearance ratio corrected for a 150 second delay time The 
identity of the rising and falling curves when so corrected indicates that the 
tubule cells return to the initial equilibrium, as revealed by the urine they 
elaborate, very quickly after that initial equilibrium has been disturbed by ex 
posure to high concentrations of diodrast or hippuran 
The elevation of the phenol red/inulin clearance ratio above the expected 
level, as shown in the shaded areas, may be attributed to the accumulation of 
phenol red in the interstitial fluid of the kidney during the period of depressed 
excretion, or errors due to dead space and equilibration of blood and urine The 
total deviation, however, represents only a slight fraction of the total phenol 
red which passed through the kidney during the time when the phenol red 
clearance was depressed (Smith, Goldring, and Chasis ,,M ) 

stromuhr, and they concluded that these substances were stored in the 
kidney The point is of such fundamental importance, in the measure 
ment of both renal blood flow and diodrast Tm, that Smith, Goldring, 
and Chasis 1,33 re examined the problem with diodrast and hippuran 
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Instead of using the hippuran and diodrast clearances as the critical 
indicator of storage, they used the depression of the phenol red clearance, 
the reason for this choice being that the depression of the phenol red 
clearance is a much more sensitive indicator of the presence of hippuran 
or diodrast in the plasma, and presumably in the tubule cells, than are 
the self clearances, a very small increment in the concentration of the 
iodine compounds, insufficient to produce appreciable depression of 
the self-clearance, produces a marked depression of the phenol red 
clearance and hence of the phenol red/inulin clearance ratio (fig 32) 
The plasma concentrations of muhn and phenol red were kept constant 
by suitable intravenous infusions, while (a) hippuran or diodrast was 
introduced into the circulation in increasing concentration and raised 
to a high level, the administration of the iodine compound was then 
stopped and (b) the plasma level was allowed to fall, the rate of fall 
being extremely rapid since the clearances are large When corrected 
for ‘delay time’ (transit time from an arm vein to urinary bladder, as 
discussed on page 60), as shown by the heavy arrows m figure 32, the 
phenol red clearances on the falling plasma iodine curve were identical 
with those on the rising curve, as indicated by the shaded area in 
figure 32, except at low plasma levels of iodine This latter phenomenon 
may be attributed to the fact that, during the period when the tubular 
excretion of phenol red is depressed by diodrast and hippuran, the dye 
accumulates m the renal interstitial fluid in a concentration greater than 
that present when excretion is proceeding normally, on liberation of the 
excretory mechanism from depression by the iodine compound, this 
excess phenol red is available for excretion and, as calculated from the 
systemic plasma concentration, the phenol red clearance rises to slightly 
supernormal values One may speak, of this phenomenon as storage' of 
phenol red in the kidney as a whole, but not in the renal tubules, and it 
is negligible in magnitude even under the extreme conditions of these 
observations Although the phenol red clearance was depressed to below 
20 per cent of its normal value, the fraction of phenol red accumulating 
in the kidney was less than 2 per cent of the total quantity which would 
have been excreted had the clearance remained at its normal level In 
no sense can the phenomenon be interpreted as indicating storage of 
diodrast or hippuran, which would depress rather than elevate the phenol 
red clearance 

diodrast Tm 

Diodrast Tm (Tmo) is in principle independent of the plasma concen 
tration of diodrast and the rate of tubular perfusion, so long as their 
product, the tubular load, is adequate to maintain the maximal rate of 
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tubular excretion in all nephrons In this sense, Titid is also independent 
of glomerular activity, being a purely tubular function, but will increase 
or decrease if tubules are added to or removed from available circulation 
Titid is fairly reproducible in any one subject, and is not modified 
significantly by adrenalin, caffeine, or renal hyperemia 1939 —a circum 
stance that indicates that all the tubules receive a uniform and fairly 
stable perfusion * 

Because it is a saturation phenomenon, Tmn is susceptible to changes 
in body temperature, the temperature coefficient is not accurately 
known, but Goldring et «/ 797 believed this coefficient to be about 2 0, 
l e a rise of 1 o° F in body temperature increases Tmo by about 10 
per cent, and they recommended that the rectal temperature be recorded 
every 20 to 30 min during Titid measurement and the observed value 
corrected to 98 5°F by adding or subtracting 10 per cent for each 
degree above or below this value f 

Since tubular excretion in general appears to be a function of the 
proximal tubule, it is presumed that Tmp is proportional to the total 
quantity of proximal excretory ttssue It is probably closely proportional 
to kidney weight in normal animals 
Goldring Chasis, Ranges, and Smith 797 recommended the use of 
Titid to characterize the quantity of functional, tubular tissue in disease, 
and pointed out that measurements of renal plasma flow by the diodrast 
clearance (Cd) method could best be referred to the value of Titid in 
the same subjects, since the ratio Cd/Tutd afforded an index of the 
renal plasma flow per unit of functioning tissue in any one individual 
Normal values of Cd, Titid and Co/Truo are given in table xii, page 544 

HIPPURIC ACID AND ITS DERIVATIVES 

The analytical difficulties of determining organic iodine led the 
writer and his coworkers 1937 to search for other compounds having 
essentially complete clearances and amenable to easier analysis 
than diodrast Hippuran has as high a clearance in man as diodrast 
(table ii), and a priori it seemed that the presence of an atom of 
iodine in hippuran was not important in determining how the hip- 
punc acid nucleus was handled by the renal tubules The study of 

* The use of the diodrast titration method to examine the dispersion of tubular 
perfus on per unit of excretory tissue is discussed in chapter xv 

f These invest gators were unable to demonstrate a temperature effect on 
glucose Tm, and recommended that no comparable correction be made m this 
measurement until more information was available 1,39 
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TABLE JI 

Companion oj Renal Clearances cf Famous Conjugated Aromatic Acids 
Kith the Dtodrast Clearance 

The clearance ratios in column 4 arc calculated by the 3 different methods of comparison 
described m the teat (from Smith t! a ! Irc ) 
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• W ith hippuran instead of diodrast as clearance of reference. 

t W itb p-aminohippunc aad instead of diodra_t as clearance of reference 

1 The onnamojlglycine clearance appears to be readily depressed by p- amin ohippunc aad. 

§ Equated on basis of p-hj drorj hippunc aad ratios given above 

P White d el report o sS for the dog and 032 for man while Corcoran tt aid report 049 for 

the dog 

\ Smith ct el 1,3 

•* Phenol red/hippuran clearance ratio ( 5 mitb tt at lc ®) 

vanous hippunc acid derivatives disclosed that the} had the same 
clearance values as hippuran and diodrast m both dog and man, 
and from them p-aminohippunc acid was selected for practical 
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The discovery by Bunge and Schmiedeberg in 1876 that hip- 
puric acid is synthesized by the kidney is a frequently cited land¬ 
mark in biochemistry. These investigators showed that when so¬ 
dium benzoate and glycine are injected simultaneously into dogs 
with the renal circulation intact, hippuric acid accumulates in the 
blood, but if the renal blood vessels are first tied off, no hippuric 
acid is formed. They demonstrated that hippuric acid synthesis oc¬ 
curs if blood containing benzoic acid and glycine is perfused 
through the excised dog kidney and they concluded that, in the 
dog, benzoic acid is conjugated with glycine only in the kidney. 
This observation is especially noteworthy since it was the first mo¬ 
lecular transformation of significance to general metabolism to be 
revealed in this organ. Subsequent investigations have amply con¬ 
firmed this discovery. Although the kidney is not the exclusive 
site of benzoic acid conjugation in man, it has been demonstrated 
by perfusion experiments to be capable of carrying out this opera¬ 
tion. 

When the higher homologues of benzoic acid are fed to mam¬ 
mals, they undergo various degrees of oxidation before conjuga¬ 
tion. This proceeds in general by / 3 -oxidation, and Snapper and 
Grunbaum 1958 demonstrated that this oxidation can itself be car¬ 
ried out by the renal tissue. By perfusion of the kidney of the 
sheep, calf, and dog, they demonstrated that where phenylacetic 
acid is conjugated directly with glycine to yield phenylaceturic 
acid, phenylproprionic and phenylvalerianic yield hippuric acid, 
while phenylbutync yields phenylaceturic acid. The dog's kidney, 
however, oxidizes phenylproprionic acid only to cinnamic acid, 
which is then conjugated to cinnamoylglycine, this organ being 
unable to oxidize cinnamic acid as do the kidneys of the sheep and 
calf. 1968 1957 

The maximal formation of hippuric, and probably of similarly 
conjugated acids, is dependent on the availability of glycine. 

No data are available on the hippuric acid clearance, but that 
this compound is excreted by the tubules in the dog is demon¬ 
strated by the fact that the administration of sodium hippurate 
depresses the phenol red/creatinine clearance ratio.* 1937 

* The rate of excretion of hippuric acid in the Quick liver function test 1$ 
independent of the urine volume. 177 * 
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HIPPURAN 

The first studies 1833 of the excretion of hippuran and diodrast at 
constant plasma levels in 4 subjects showed (in non-simultaneous 
observations, which were impractical because both involved the 
determination of organic iodine) that the inulin/hippuran clear¬ 
ance ratio averaged 0.185 ar >d the inulin/diodrast clearance ratio, 
0.166. The difference between these figures is probably not sig¬ 
nificant, and this apparent identity, coupled with the qualitative 
demonstration of the tubular excretion of hippuric acid itself, led 
to the investigation by Smith, Finkelstein, Aliminosa, Crawford, 
and Graber ,MT of the excretion of various hippuric acid deriva¬ 
tives and related compounds, as listed in table 11.* 

The examination of the relative clearance values of two com¬ 
pounds both of which are excreted by the tubules presents diffi¬ 
culties. When two such substances are presented to the tubules 
simultaneously, one may depress the tubular excretion of the 
other, and the conventional method of comparing simultaneous 
clearances may thus lead to erroneous results. Consequently both 
the ‘successive’ and ‘simultaneous’ methods of comparison were 
used, the compound with the strongest competitive power (dio¬ 
drast) being administered last. There were thus afforded 3 meth¬ 
ods of comparison: 

1. Comparison of successive clearances, wherein the clearance 
of the hippuric acid derivative (or other compound) was measured 
alone in 3 consecutive periods, followed by a similar 3-period de¬ 
termination of the diodrast clearance simultaneously with the 
clearance of the first compound. 

2. In method (1) changes in the renal plasma flow or errors in 
collection and timing of urine may jeopardize the comparison of 
the absolute clearance values so obtained. This hazard is obviated, 

* Hippuran Tm has been determined in onl> 3 subjects, and av eraged 76 mg. 
iodine per 1 73 sq. ra/mm. In 1 subject phenol red Tm was 0.10, diodrast Tm 
032, and hippuran Tm o 63 mM/ram. 

The fact that diodrast Tm in mM. is twice as great as hippuran Tm does not 
require that the extraction ratio of hippuran be less than that of diodrast; both 
compounds will have a maximal extraction ratio (r.1.0) at low plasma levels. 

Hippuran depresses the phenol red clearance and, mM. for mM , this action 
appears to be identical with that of diodrast. lopax appears to be equall) effects e 
in this respect, but neoiopax is definitely less effective. 
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at least so far as urine collection and timing errors are concerned, 
by comparing the inulin or creatinine clearance ratios, since such 
errors cancel out in the calculation of a clearance ratio. 

3. The simultaneous clearances obtained in the second half of 
the experiment may be compared directly. 

Table 11 summarizes the average clearance ratios as determined 
by successive and simultaneous clearances in the dog and man. 
m-hydroxy-, p-hydroxy-, m-amino-, and p-aminohippuric acids, 
hippuran (o-iodohippuric acid), 2-pyridone-i-acetic acid (the nu¬ 
cleus of diodrast), and cinnamoylglycine all have clearances iden¬ 
tical, within the experimental error, with that of diodrast, in both 
dog and man. The identity of the p-aminohippuric acid and dio¬ 
drast clearances is maintained in a variety of diseased states, in¬ 
cluding hypertensive disease and chronic glomerulonephritis, 
where the clearance of all compounds is substantially reduced. 
The clearances of o-hydroxyhippuric acid, iopax, p-aminophen- 
aceturic acid, and phenol red are distinctly lower than diodrast 
but nevertheless of a high order of magnitude. There is no simple 
relation between tubular excretion and chemical structure, as 
shown by o- and m-hydroxyhippuric acids, nor is pK a ' important, 
as shown by the fact that the clearance of phenol red (7.9) com¬ 
pares favorably with that of iopax (2.99). 

In discussing the excretion of diodrast, it was noted that this 
compound penetrates both human and dog red cells in vivo , al¬ 
though not in vitro; the hippunc acids also penetrate the red cells 
of the dog in vivo , and o- and p-hydroxyhippuric acid and hippuran 
penetrate human red cells, but m- and p-aminohippuric acids do 
not. White’s 2201 supposition that a significant quantity of this in¬ 
tracellular diodrast is extracted and excreted during the passage 
of the blood through the kidneys is, the writer believes, con¬ 
troverted by the identity of the substituted hippuric acid and dio¬ 
drast clearances, as shown in table 11. In 2 experiments involving 
pyrogenic renal hyperemia in man and lasting from 3 to 4 hr., no 
detectable p-aminohippuric acid entered the red cells, and the 
simultaneous clearances of this compound and of diodrast re¬ 
mained identical throughout, despite marked changes in renal 
plasma flow. It is therefore believed that cell transport does not 
contribute to the diodrast clearance in man, and that, in the cal- 
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culation of the total renal plasma flow, only the plasma extraction 
ratio should be taken into account. 

Other conjugated aromatic acids are excreted by the tubules 
and have complete or nearly complete clearances: p-aminophen- 
aceturic acid and cinnamoylglycine, as shown in table n, and 
various penicillins and cinchoninic acid derivatives {tide infra). 
This fact suggests that tubular excretion may represent a teleo¬ 
logical adaptation promoting the excretion of difficultly metaboli¬ 
zable aromatic acid residues after conjugation, though this simple 
statement does not explain the tubular excretion of phenol red and 
other sulfonephthaleins. 

CLINICAL USE OF p-AMINOHIPPURIC ACID (PAH) 

In view of the facts that at low plasma levels the PAH clearance 
is identical with that of diodrast and hence equally valid as an 
estimate of the renal plasma flow, that the chemical determina¬ 
tion is simple, that the endogenous plasma and urine blanks are 
negligibly small, that it does not penetrate the human red cell in 
vivo, that it is non-toxic and can be used for the evaluation of total 
tubular excretory tissue, and that it is less extensively bound by 
plasma proteins than is diodrast and hence errors involved in the 
estimation of the filtrable fraction in the plasma are of less prac¬ 
tical consequence, p-aminohippunc acid has been recommended 
as a substitute for diodrast in laboratory and clinical investiga¬ 
tion.* »«* 7 * s 

The free amino group in PAH is conjugated (presumably with 
acetic acid to form acetyl PAH) in man, 1 ” 7 rabbit (unpubl. obs.), 
and rat, 140 but not in the dog, 1 * 17 these interspecies differences 
being entirely parallel with those observed in the conjugation of 
the p-amino group in sulfanilamide, etc. {tide infra). p-AcetjI- 
aminohippuric acid also has a maximal clearance, but in any case 

*PAH as a 20 per cent stenic solution of the sodium salt is available from 
Sharp and Dohme, Glenolden, Pennsjlvama Analytical methods and clearance 
determinations in the dog are described by Smith e! a/," 17 and clearance deter¬ 
minations in man are described by Goldnng and Chasis ”* and Chasis, Redish, 
Goldnng, Ranges, and Smith ,a 

In the determination of mannitol by the periodate oxidation method, the 
p-amino group of PAH is oxidized and leads to significant errors.** Similarly 
PAH interferes with the determination of thiosulphate.*'* 
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conjugation would not be important in the use of PAH in deter¬ 
mining the renal plasma flow unless this conjugation occurred in 
transit across the renal tubule cells (which apparently is not the 
case [vide infra]), since only unconjugated PAH is determined in 
the plasma and urine. 

Beyer, Mattis, Patch, and Russo 140 have shown that trypsin 
and carboxypolypeptidases do not hydrolyze PAH in vitro , and 
probably not in vivo. The nephrectomized rat conjugates the p- 
amino group, but more slowly than it conjugates sulfathiazol, etc. 
PAH does not antagonize the bacteriostatic activity of sulfanil- 
amides. It is only slowly absorbed from the gastrointestinal tract, 
whereas p-aminobenzoic acid is fairly rapidly absorbed. 1802 Mattis, 
Beyer, McKinney, and Patch 1418 have shown that PAH is rel¬ 
atively non-toxic, convulsive symptoms in dogs appearing only 
when the plasma concentration exceeds 400 mg. per cent. 

The rapid intravenous injection of strong PAH solutions for 
priming prior to the determination of Tiupah may lead to vaso¬ 
motor disturbances, flushing, tingling, cramps, nausea, and rectal 
contraction. These disturbances can be diminished or avoided by 
slowing the infusion momentarily. It is believed that they are in 
part referable to the sodium ion, since strong salt solutions may 
have the same effect.* 

* Raaschou *•“ reports that Bran, Hilden, and himself, after the infusion of 
inulin and diodrast into normal persons having a very heavy water load to 
promote diuresis, repeatedly saw indisposition, nausea, vomiting, sensation of 
cold, oliguria, pallor, slight cyanosis, fainting, and pyrexia, but that such 
symptoms were never observed among a series of patients who drank only 
200 cc/hr. of water from 6am until about 1 p.m. when clearance determinations 
were started This technique usually gave a urine flow of 2 to 5 cc/min. 

McDonald, Miller, Shock, and Manchester 1,1 * report, as most observers have 
noted, that large doses of PAH decrease the filtration rate Calculations from 
the PAH clearance and Efah revealed that the total renal plasma flow was 
increased during this period of reduced filtration rate, the filtration fraction 
decreasing from 0181 to o 144 

This vasomotor complication during the measurement of TmpAH is perhaps 
not solely referable to PAH itself During the early period of use of this com¬ 
pound, when all available material was synthesized in glassware and yielded 
an almost colorless 20 per cent solution, such reactions were less severe Analysis 
of a number of observations made by the writer’s colleagues reveals that before 
April 1946, in the vast majority of instances, the filtration rate increased after 
the priming dose for Tm, the modal increase being 10 to 15 per cent. After that 
date, the filtration rate in the majority of instances has decreased. At an in- 
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EXTRACTION RATIOS OF PAH AND DIODRAST 

The development of venous catheterization for the collection of 
venous blood from the right heart, initiated by Cournand and 
Ranges” 8 for the determination of the cardiac output by the 
direct Pick method, is easily extended to the collection of pure 
venous blood from the renal vein. When properly applied, it af¬ 
fords a reliable method for determining the renal extraction ratio 
of any substance under conditions avoiding all disturbance of the 
renal circulation. The method suffers the limitation that renal 
venous blood should not be drawn on the left side of the body in 
either dog or man, because in some individuals significant quan¬ 
tities of non-renal blood may enter the renal vein close to the hilus 
via the spermatic or ovarian veins, as Marshall 1,51 long ago rec¬ 
ognized in utilizing one of these veins to obtain renal venous blood 
without puncturing the renal vein. The presence of non-renal 
venous communications into the renal vein on the right side of the 
body, though relatively rare, cannot be invariably excluded and 
may account for an occasional low extraction ratio obtained in 
some subjects. The precaution must be taken not to contaminate 
the renal venous blood with blood from the inferior vena cava; 
this difficulty can be avoided by allowing the syringe to fill as 
much as possible by venous pressure, and gross error from this 
source can be detected by the presence of a high arterial-venous 
oxygen difference, this figure for inferior vena caval blood being 
generally 4 cc/100 cc. or more, whereas the figure for renal blood 
generally lies between 1 and 2 cc/100 cc. Novocaine or procaine 
must not be used since these compounds react in the PAH method 
and increase the venous blank significantly. It is the practice in 
the writer’s laboratory to determine all blanks in both arterial 
and venous blood, since at times they seem to differ significantly. 

The data presented in table 11 on the relative magnitudes of the 
diodrast and PAH clearances in dog and man leave no doubt that 
these are identical, and identical with m-hydroxyhippuric, p- 

determinable date prior to April 1946, the manufacture of PAH was beeun 
on a commercial scale, using porcelain or metal reactors, and since then the 20 
per cent solution has been generally darkly colored This anal}sis warrants the 
presumption that the method of manufacture is in part concerned in the pharma¬ 
cological activity of the present preparation. 
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162 clearances involving tubular excretion 
hydrox) hippuric, m-aminohippuric, p-acetjlaminohippuric, 2- 
pyridone-1-acetic acids, cinnamoylglycine, and hippuran. In two 
long experiments in man, involving pjrogenic hyperemia, the 
PAH and diodrast clearances remained identical throughout, de¬ 
spite a marked increase in both clearances. Newman etal. lM have 
recently confirmed the identity of the PAH and p-acetylamino- 
hippuric acid clearances in man. From this identity, it may con¬ 
fidently be concluded that in the normal kidney the upper limit 
in clearance value is the available renal plasma flow rather than 
any limitation in the tubular excretory mechanism. Table in pre¬ 
sents extraction ratios reported for diodrast and PAH by various 
investigators. The extraction ratios of diodrast reported in the 
explanted kidney of the dog are significantly below those observed 
in man using the venous catheterization technique. Presumably 
this does not represent a true species difference but reflects the 
development of collateral circulation through inactive tissue be¬ 
tween the renal artery and vein in the dog, or escape of material 
from the red cell into the plasma after the blood has left the kid¬ 
ney. However, a definite answer will not be available until ex¬ 
traction ratios have been determined in the dog by the catheteriza¬ 
tion method.* 

MEASUREMENT OF THE EFFECTIVE RENAL PLASMA FLOW', THE 
TOTAL RENAL PLASMA FLOW AND TmpAH 

On the basis of the data in table in, we may take the average nor¬ 
mal extraction ratio of diodrast (Ed) or PAH (Epah) in man as 

•As noted above. Smith et al 1,17 confirm that diodrast penetrated the red 
cells in cro in both dog and man, but PAH penetrates the cells only m dog, net 
in man. the last point has been confirmed b> Barker it a/" Phillips et al XM 
showed that before centrifugation of dog blood at room temperature can be 
completed a significant quantity of PAH diffuses from the cells into the plasma, 
decreasing Epah by an average of about 5 per cent When left renal venous 
blood was chilled and centrifuged immcdiatel}, Epah averaged 0.87 with a 
maximal variation of ±9 per cent. The figure would possibly has e been h aher 
had the nght kidne> been used Despite the fairly rapid diffusion of PAH out 
of the cells in alro, Phillips et al conclude that there is no diffusion from cells 
to plasma as the blood traverses the postglomerular circulation, because the 
observed changes in cel! content between arterial and venous b'ood can be 
accounted for by diffusion in drawn blood and the time of exposure of blood 
in the postglomerular circulation is less than one-fortieth of a minute, assuming 
that the kidney contains ro per cent blood and the blood flow is 4 cc/min. per gm. 
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92 per cent. That any compound should be so completely removed 
from the blood during its transit through the kidney is a matter of 
some surprise. It cannot be supposed that all the blood entering 
the renal artery is distributed to tubular excretory tissue, since 
some of it must pass to the renal vein by way of perirenal fat and 
inert tissue in the renal capsule, pelves, and calyces; however, this 
uncleared blood can represent no more than 8 per cent, in the 
mean, of the total renal blood flow. It seems probable that the 
extraction of diodrast or PAH in the blood which actually perfuses 
the excretory tissue is very close to 100 per cent complete. 

The PAH clearance divided by Epah gives the total renal plasma 
flow, i.e. absolutely all the plasma moving between the renal artery 
and the renal vein.* It is generally not possible to determine Epah 
in clinical observations, and the majority of available data record 
only the uncorrected clearance, Cpah. It must be recognized that 
this value is not identical with the total renal plasma flow; it 
represents the volume of plasma presented for clearance to the 
functioning renal parenchyma, a volume which we may take as 
92 per cent, on the average, of the total renal plasma flow. Be¬ 
cause of this qualification, it is desirable to designate the PAH 
clearance as the ‘effective renal plasma flow/ as was pointed out 
for the diodrast clearance by Smith, Goldnng, and Chasis. im The 
expression is, however, cumbersome on repetition, and most in¬ 
vestigators have simply spoken of the diodrast or PAH clearance 
as the ‘renal plasma flow/ a usage which is so well established that 
it is not readily abandoned. It would seem appropriate to continue 
this identification, and to designate the ‘total renal plasma flow’ 
(Cpah/Epah) by these terms, or some suitable expression showing 
that Epah has actually been determined simultaneously with 
Cpah and used in the calculation of the designated figure. The 

* Wolf has pointed out that, for substances with a low extraction ratio, 
the abstraction of the urinary water from the blood must be allowed for m 
calculating the renal blood flow. The proper equation would be 


RPF 


V(U - R) 
(A-R) 


where U, R, and A are concentrations in the urine, renal venous, and artenal 
plasma For substances with as low an extraction ratio as urea or inulin, neglect 
of the V term may lead to errors in RPF of 4 to 14 per cent, but the correction 
may be omitted with PAH. 
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terms ‘total renal plasma flow’ will be used in this volume for such 
corrected values. Unless extraction ratios are measured con¬ 
currently with clearances, it seems undesirable to apply any cor¬ 
rection to the clearance (effective plasma flow); this datum has 
physiological value in its own right (particularly in the ratio 
CpAH/Tmp^n), and the publication of corrected and uncorrected 
data without clear differentiation would only lead to confusion. 
If correction for Ep* H is made, it should be so stated and the 
plasma flow so obtained perhaps designated the total renal plasma 
flow. 

CALCULATION OF WHOLE BLOOD FLOW 
Where it is desirable to record the data in terms of whole blood, 
the appropriate values can be calculated either as 

Effective renal blood flow = C PA h/(i — hematocrit) 


or 

True renal blood flow = Cpah/E P ah(i — hematocrit) 

In this calculation it should be recognized that the volume of 
plasma trapped between the red cells in a well centrifuged hema¬ 
tocrit amounts to about 5 per cent of the red cell volume; 

10,8 for very precise purposes (estimation of renal fraction, etc.) it 
may prove to be desirable to make this correction by deducting 5 
per cent of the volume of the red cells in reading the hematocrit. 
This correction has, however, rarely been made and for general 
purposes may be neglected. 

Tm pah 

The tubular excretion of p-aminohippuric add is limited by a 
constant and reproducible maximal rate (Tmp A H) in both dog ,WT 
and man.* 11 Tm PA H may be used, like Tiud, to characterize the 
quantit) of tubular excretory tissue in health and disease. A ti¬ 
tration of a normal subject with PAH is shown in figure 33. 

Tubular function is dearly under the trophic influence of the 
anterior pituitary gland (ch. xv) and subject to changes in tubular 
metabolism. Mudge and Taggart ,w have shown that in the dog 
the infusion of acetate (o.c6 to 0.21 mEq/min. per kg.) or lactate 
(o.n to 0.13 mEq/min. per kg.) increases Tmp A H> in the first in- 
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stance, by 44 to 85 per cent There is a concomitant increase in 
the filtration rate, but the increase in TmpAH is clearly related to 
increased availability of acetate and lactate for tubular metabo 
lism Fumarate and succinate inhibit tubular excretion of PAH 
The acceleratory effect of acetate is so striking that Cross and 
Taggart 455 suggest that it may constitute the rate limiting cellular 
constituent in PAH transport It is clear that under conditions 
which may affect acetate or lactate metabolism TmpAH cannot be 
expected to remain constant * 

Eggleton and Habib 884 have shown that PAH is excreted in the 
cat m the same manner as in the dog and man at a low plasma 
concentration the clearance is independent of change in concen 
tration and may be used as a measure of minimal renal plasma 
flow As the plasma concentration is increased, T rises to a maxi 
mal (Tm) of 20 to 30 mg/min per 100 cc of filtrate, Tm being 
reached at about 10 mg/100 cc of plasma FW appears to have a 
value of 091 f At concentrations greater than 30 mg/100 cc, 
TmpAH apparently decreases and at high concentrations the total 
amount excreted approaches the filtered load The authors at¬ 
tribute this decreased excretion to passive reabsorption Tm PA n 
is also depressed by a high concentration of creatinine These ob¬ 
servations were made with rapidly changing plasma concentra 

* Cross and Taggart *“ have shown that acetate to a notable extent, and to a 
lesser extent lactate and pyruvate, accelerate the accumulation of PAH and 
PAAH in slices of rabbit s kidney incubated in vitro Minimal effects were 
produced by glucose, hexose diphosphate, propnonate, butyrate, acetylglycine, 
isobutyrate, acetoacetate, and oxalacetate Ethanol, acetaldehyde, and diacetyl 
were completely inactive, while a ketoglutarate succinate, fumarate and malate, 
glycine, alanine, and glutamate all exerted an inhibitory effect Various enzymes 
were without effect PAH accumulation is inhibited by 2,4-dinitropheno! and 
certain related compounds which inhibit aerobic phosphorylation 

2,4 Dimtrophenol inhibits the tubular excretion of PAH, diodrast, and phenol 
red in the dog, with no significant changes in renal hemodynamics, 1 '” and with 
no effect on Tihg 

TmD is also increased by testosterone, thyroxin, and thyroid extract (ch xv) 
and vitamin A, and TmpAH by vitamin A (ch xv) The results with lactate 
may bear on the increase in TmpAn in dogs during altitude anoxia (ch xiv) 

t These authors incorrectly quote Smith et al im as failing to obtain evidence 
that PAH is not freely filtrable through a collodion membrane What Smith et al 
found was that PAH was destroyed (by ox dation of the ammo group by the 
nitro groups of the collodion) m such membranes, and that reliable ultrafiltration 
experiments could therefore not be obtained 
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Figure 33 PAH titration of normal 53 >ear-o!d male The PAH clearance at 
foad/T ratios less than o 1 on 3 occasions was 670, 565, and 635 e c. The average 
figure of 623 cc was used to calculate V*. Definitive TMpah was determined 
from 7 observ ations (circles) at a load/T ratio of 1 3 to 2 2 Titrations with 
constant plasma concentrations at each point were determined on 7 different 
occasions at load/T ratios as high as 8 14 The mangles represent determina 
tions made on the fourth occasion, and are all higher than other observ ations 
b> about 15 per cent An abrupt change in TmpAH of this magnitude is unusual, 
but ma> be anticipated m new of the evidence on endocrine influence on tuba- 
lar function (ch xv) 

It will be noted that there is no evidence of depression of tubular excretion 
of PAH at these high loads 

The splay in the titration curve at load/T ratios from o 5 to 1 3 may in part 
be attributable to the reduction in total tenal plasma flow associated with the 
known vasomotor disturbances and reduction m filtration rate induced by large 
doses of PAH The average deviation From tbe rectilinear relationship is, how¬ 
ever, less than 10 per cent 

The maximal plasma concentration of PAH reached was 167 mg/ico cc At 
no time were there adverse subjective or objective reactions (Maxwell, Morales. 
Crowder and Fishman, pers com ) 
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tions and no information is available on the time eftect of a con¬ 
stant plasma concentration A similar depression of Tmo at high 
plasma concentrations of diodrest has been reported by Barclay, 
Cooke, and Muralt 83 Eggleton and Habib suggest that this phe¬ 
nomenon may be attributable either to a combination of tubular 
excretion and passive diffusion, the latter process varying with 
the concentration gradient from tubular urine to plasma, or to a 
toxic action on the tubule cells It seems plausible, however, in 
view of the studies of Taggart and his coworkers, cited above, and 
the rapid reversibility of Tm with rise to supernormal values on 
recovery at reduced plasma concentrations, that the self depres¬ 
sion of TmpAH and TmD at high plasma concentrations may be 
related to exhaustion of some component in the metabolic system 
involved in tubular transport This explanation would not account 
for the fact that excretion during the depressed state may ap¬ 
parently be less than the filtered load, but these negative values 
are small and can be accepted only after examination at constant 
plasma levels in order to rule out all the sources of error discussed 
in chapter 111 This self depression of Tiufah may be observed in 
the dog when the load/Tm ratio exceeds 4 or 5, but it is inconstant 
and may be absent at ratios above 10 (Schachter and Fremkel, 
pers com ) In the single critical study available it was not ob 
served in man at load/Tm ratios as high as 8 o (fig 33), far above 
those required for the clinical determination of Tm * Until further 
information is available, TmpAH and TmD should obviously be 
measured at moderate load/T ratios with constant plasma con¬ 
centrations and substantiated by observation of three or more 
consecutive periods 

* In the calculations shown in figure 33 FW was taken as o 83, as estimated by 
Chasis and his coworkers w from data on AUV/AP in man on falling plasma con 
centrations In retrospect it must be admitted that this method is open to sub¬ 
stantial errors Taggart (pers com ), using dialysis through Visking (cellophane) 
tubing, seemingly a very reliable method, finds that in human plasma with 5 
per cent albumin and at PAH concentrations from 30 to 50 mg/100 cc, FW 
= o 78 to 079 (W = o 90) In the dog, FW is grossly independent of P up to 
60 mg/too cc and averages o 917 Eggleton and Habib/ 4 * using the clearance 
method, report o 91 in the cat 

TmpAH data in man calculated with FW — o 83 are reported in this volume 
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Data on the filtration rate, renal plasma flow, renal blood flow, 
Tihd and Tmpjm in man and dog are summarized in chapter vxu 

SINGLE INJECTION METHOD 

The errors involved in the use of single injection methods have been 
discussed earlier (p 57) The) are particularl) large with any substance 
cleared as rapidly as PAH The writer and his colleagues prefer to 
continue with the use of steady concentrations of both mulin and PAH, 
maintained b> constant intravenous infusion, established after the 
administration of a suitable priming dose * Newman and his co- 
workers ,S15 have recentl) recommended that the priming injection be 
omitted, since the) believe that a constant plasma level can be estab¬ 
lished some 20 mm after a constant infusion has been started How 
ever. Barker, Clark, Crosley, and Cummins “ find that 75 mm are 
required to reach 90 per cent of the eventual level, since the volume of 
distribution of PAH m man is greater than Newman et al estimated f 

ERRORS DOE TO RENAL CONJUGATION OF PAH 
AND TO LYMPHATIC DRAINAGE 

A further source of error, possibl) referable to the kinetics of tubular 
excretion, has been reported by Newman, Xattus, Genean, Genest, 
Calkins, and Murph) ,5,s In man, when the plasma level of diodrast is 
falling, whether after a single injection or following a sustained higher 
lev el, the clearance is marked!) depressed. A similar phenomenon occurs 
with PAH m man, ,r * but not m the dog The clearance ofp-acerylammo- 
hippunc acid in man, however, is unaffected b) decreasing plasma con 
centration, and the authors suggest that the transient depression of the 
PAH clearance on a falling curve ma) be related to conjugation in the 
kidne) 

Hamburger and Ryckewaert ' n report that the PAH clearance m 
man is very low when determined at plasma levels under I o mg/100 cc., 
some of their observations being made after a single injection and some 

* The priming dose maj be calculated on the bas s that the volume of dis¬ 
tribution of inuhn in man averages 16 per cent of the bod> weight, that of PAH 
28 per cent The rate of infusion I\, should then be adjusted so that IV will 
equal tJV with the expected rate of clearance. 

t The authors find the volume of distribution of PAH to be 9 A: 73 per 
cent of the bod> weight, but their method involv es calculation by deferences. 

B> the overall clearance slope method, Schwartz 11,1 finds "B 5 and -6 *• per cent 
of the body weight in " men and 27 J and "6 6 per cent in 2 dogs while 
Houck ,M * obtained an average volume of distribution in 16 nephrectomized 
dogs of 28 per cent of the body weight. 
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during infusion They suggest that the low clearance may be due to 
tubular conjugation, high plasma protein binding, or tubular inertia 
In view of the results obtained by Newman et al , the last two explana 
tions may be ruled out The possibility of extensive total conjugation 
in the kidney when tubular transport is small cannot certainly be ex 
eluded, but in the absence of evidence that diodrast is conjugated or 
metabolized, this supposition does not explain the depression of the 
diodrast clearance on a falling curve Moreover, the fact that the PAH 
and diodrast clearances in dog and man are identical at plasma PAH 
concentrations of 07 to 1 5 mg/100 cc and diodrast concentrations of 
o 5 to 1 5 mg iodine per 100 cc , 1957 * where Epah is o 92, argues against 
any significant renal conjugation or metabolism of either substance at 
low plasma levels Whatever the explanation, it is clear that recorded 
clearances in man obtained on falling diodrast and PAH curves are 
possibly all erroneously low Baldwin, Villarreal, and Sirota (pers com ) 
have compared 24 clearances of free and total (free + conjugated) PAH 
in 9 subjects, and find that the total PAH clearance exceeds the free 
PAH clearance by an average of 4 per cent They find, however, that 
there is a slight loss of p acetylaminohippuric acid t during hydrolysis in 
plasma filtrates, without a corresponding loss in urine, and they believe 
that this loss accounts for the differences m clearances 

Conjugation other than in the kidneys has no effect on the accuracy 
of the PAH clearance as a measure of the renal plasma flow, since only 
free PAH is determined in plasma and urine 

RENAL LYMPH 

Unfortunately, very little is known about the formation of lymph in 
the kidneys Schmidt and Hayman ,78# demonstrated in the dog that 
there is a small but significant flow of fluid, ranging from o 04 to o 60 
cc/min Sugarman, Friedman, Barrett, and Addis 7027 cannulated the 
capsular and hilar lymphatic trunks and demonstrated by the injection 
of dyes into the renal artery, the cortex, and the medulla that the 
lymphatic flow from the cortex is into the capsular lymphatics and from 
the medulla into the hilar lymphatics The protein content of renal 
lymph varied from o 4 to 4 o gm/100 cc The slower the flow, the greater 
m general was the protein concentration The urea concentration was 
always greater, often considerably greater, than in the arterial or renal 

* The writer has checked the plasma concentrations of PAH and diodrast 
in the clearance comparisons reported in table Ji, and finds that they fall within 
these ranges 

tThis compound is not deacetylated in man, according to Newman et al 1315 
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venous plasma. Kaplan, Friedman, and Kruger 19 ” have shown that 
the glucose content of renal lymph is practically as high as that of 
cervical lymph or plasma During the infusion of inulin, the concentra¬ 
tion of this substance in renal lymph remains substantially below that 
of cervical lymph, in which the concentration is only slightly less than 
that in plasma The authors conclude that renal lymph is derived from 
both plasma (peritubular capillaries, etc.) and tubular reabsorbate The 
presence of urea in concentrations exceeding that of plasma reflects the 
bach diffusion of urea from tubules to capillaries. In the thin limb, distal 
tubule, and collecting ducts the concentration gradient may be very 
steep. Kaiserhng and Soostmey er I0S7 report that in rabbits, after ligation 
of the renal lymphatics leaving the hilus of the left kidney, the volume 
of the kidney almost doubled in 15 min., and this kidney' thereafter 
excreted a larger volume of more dilute urine than the kidney on the 
unoperated side, while the first appearance rime of indigo carmine was 
prolonged by 90 sec on the operated side. 

The renal interstitial fluid presumably contains inulin at a concen¬ 
tration not far below that in the plasma circulating in the peritubular 
capillaries, whereas the concentration of PAH would be much lower 
because of continued removal by the tubules If the lymphatic drainage 
were significant, more inulin than PAH would be earned away in the 
lymphatics, and the inulin clearance would decrease more than would the 
PAH clearance A discrepancy from this source would be revealed by 
calculating the total renal plasma flow from Civ/Eiv and Cp\n/EpAn. 
Cargill rs has made such calculations in man, and finds that m general 
the two methods agree well, the average in 28 patients being 497 for 
the first datum and 466 for the second. The fact that CpAn/Epvn is 
lower than Ci\/Eiv argues agauist significant lymphatic loss, though 
it is in line with the supposition that a small quantity of PAH may be 
conjugated in the kidney. In the data of Corcoran and Page, 4,1 
Cin/Eim and Cpr/Epr agree remarkably well. In such calculations it 
must be remembered that the calculation of Eiu by the arterial-venous 
inulin difference involves large errors, and before significant loss in the 
renal ly r mph can be argued great accuracy must be demonstrated for 
these analyses 

PAB AS A CONTAMINANT IN PAH 

p Aminobenzoic add (PAB) has a low clearance 1917 and, if present as a 
contaminant in PAH, would tend to lower the apparent PAH clearance. 
The isolation of PAB from a single commercial sample of PAH has been 
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recorded by Schreiner, Wesson, and Anslow 1802 The commercial material 
is now safely guarded against this accident 

PAB CLEARANCES 

PAB is rapidly absorbed from the gastrointestinal tract in dog and 
man, whereas PAH is poorly absorbed When taken orally, PAB is 
conjugated in man to form derivatives, m part no doubt PAH, which 
have as a mixture a relatively high clearance, but apparently somewhat 
below PAH except at plasma levels below 1 5 mg/100 cc (Wesson, 
pers com) 

PHENOL RED 

The excretion of phenol red (phenolsulphonephthalem) is of particular 
interest because of the important role it has played m the history of 
renal physiology 

Phenol red was introduced by Rowntree and Geraghty in 1910 as a 
renal function test after these investigators had found that, among a 
large number of dyes tested in normal animals, this was excreted most 
rapidly by the kidneys It was further shown that the rate of its excretion 
was greatly reduced in man in advanced glomerulonephritis Rowntree 
and Geraghty s phthalein or PSP test, which consists of injecting a 
small, accurately known quantity of dye intramuscularly or intra¬ 
venously and noting the fraction recovered in the urine in successive 
periods thereafter, has been widely used to test renal function in man 
The value of this test rests upon empirical correlation with other clinical 
data and does not involve any consideration of how the dye is excreted 

The question whether phenol red is excreted exclusively by filtration 
or in part by tubular excretion was long a subject of controversy Like 
many other substances, it enters into combination with plasma albu 
min, 801 the combination is reversible, the equilibrium between free and 
bound dye depending upon the concentration of both dye and protein 
The binding of phenol red by plasma proteins was first noted by de Haan 
and Marshall and Vickers De Haan believed that, m order to explain 
the observed excretion of the dye, one had to postulate that the protein 
dye complex as a whole passed through the glomeruli, the proteins being 
reabsorbed by the tubules Marshall and Vickers 1407 rejected this ex 
planation in favor of the belief that the tubules removed the dye from 
the peritubular fluid and excreted it by their cellular activity They dem 
onstrated that, after the intravenous injection of phenol red into the dog, 
the dye accumulates in the cortex of the non excreting kidney at a time 
when the blood pressure is too low to permit the formation of significant 
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quantities of filtrate, and that the quanatj of unbound or filtrable d>e is 
inadequate on any acceptable estimate of the rate of filtration to account 
for the total quantity excreted in a given time This paper affords the 
first acceptable demonstration of tubular excretion m the mammalian 
kidney 

The next jear, Marshall and Crane 1,35 showed that the rate of excre 
tion, UV, does not increase in direct proportion to the plasma concen 
tratton, P, as is required for a substance excreted sole!} b> filtration, 
but ultimatelj levels off and approaches a constant, maximal value 
The> suggested that the tubule cells became saturated at high plasma 
levels Subsequent!) * Marshall 1,53 showed that nearl) 70 per cent of the 
phenol red in renal arterial blood maj be removed in one circulation 
through the kidne>s, a figure which was confirmed by Sheehan, 1571 who 
further showed that the removal of d>e is accompanied b) concomitant 
excretion in the unne. Since only 25 per cent of the d)e was free and 
filtrable, the fact was inescapable that the rate of excretion was many 
times as great as could be explained by filtration alone 

A senes of papers on the excretion of phenol red by the frog’s kidne>, 
in which tubular excretion was warm!) debated, culminated in the 
acceptance of tubular participation by Richards, Bott, and \\ estfall im 
in 1938 For references to these studies, see Forster e7 ‘ 

Phenol red is more extensive!) bound b) plasma proteins than are 
diodrast and PAH At a total concentration in human plasma of 1 
mg/100 cc., onl) 20 per cent of the dye is unbound Grollman 8, * r# 
showed that it is the plasma albumin that combines with the dye, and 
that the equilibrium between unbound and bound d)e is influenced b) 
pH, temperature, etc Under otherwise constant conditions, the com 
bination between d) e and protein in most species maj be described bv an 
adsorption isotherm, x/m = Kc ,/n , where x is the mg of d)e absorbed 
by m gm of albumin, c is the equilibrium concentration of unbound 
d)e, and K and i/n are constants The theoretical deficiency of this 
equation has been discussed by Goldstein, 8 ” who justly recogmaes that 
the problem should be treated as a stoichiometric phenomenon and 
not as a process of adsorption The equilibrium between free and bound 
phenol red has been studied in man,”®-”” dog, 1W7 rabbit (unpublished), 
chicken, 1 ** 5 and dogfish lwi The values of i/n for these species are, 

* In the meantime, Marshall and Grafflm ,4a had demonstrated the excretion 
of phenol red and other substances by the aglomerular kidnej of the goosefish, 
Lophtus ptscatonui , the anatomy of which they had carefull) re-examircd to 
make sure that the enure kidney was lacking an> sort of filtering device. In 
193*. Chambers and Cameron demonstrated the excretion of phenol red in 
in vitro cultures of the chick mesonephros 
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respectively, o 94, o 83, o 58, o 67, and o 85 The values of Km are 3 55, 
1 32,17 20, 2 8, and o 62 K has been determined only in man, in whom 
it has the value of o 85, a value which appears to be unaffected by disease 
Since the constant i/n is less than I o in all 4 species, the fraction of 
unbound dye in a given sample of plasma increases as the total coneen 
tration of dye is increased The equilibrium between bound and total 
dye in human plasma having different albumin contents has been ex 
pressed in a nomogram by Smith and Smith 1960 
Richards and Walker 17,7 found that the concentration of dye in the 
capsular fluid of the frog approximates the concentration of unbound 
dye in the plasma, as would be demanded by theory and the collateral 
evidence on the nature of glomerular filtration 
As noted in the early part of this chapter, the tubule cells, by taking 
up the unbound dye that has escaped from the capillaries, reduce the 
concentration in the peritubular fluid, this reduction in concentration 
promotes diffusion of unbound dye from the capillaries and, with the 
reduction of the concentration of unbound dye in the capillaries, the 
bound dye dissociates, so that in theory all the dye, both bound and 
unbound, is available for excretion When we note the great expanse of 
peritubular capillaries, it is not surprising that tubular activity can 
remove a large fraction of the dye from the blood flowing through the 
kidney before this blood emerges into the renal veins The primary 
limiting factor is probably the speed of diffusion of unbound dye through 
the peritubular fluid separating the capillaries from the tubule cells 

TUBULAR EXCRETION OF PHENOL RED 

The phenol red clearance should not be confused with the familiar 
Rowntree and Geraghty phthalein test ’ As with any other clearance, 
it is based upon the simultaneous determination of the concentration 
of the dye in the plasma (P) and the rate of its excretion (UV), and 
expresses the minimal volume of plasma required to supply the dye 
excreted in 1 mm 

Apart from a limited number of observations by Marshall 1393 on the 
dog, the first systematic studies of the phenol red clearance were those 
of Shannon 1647 on this same animal, and of Goldring, Clarke, and 
Smith, 890 and Smith, Goldring, and Chasis 1938 on man * Historically, 

* Mackay 11,1 injected 1 gm of phenol red intravenously and calculated the 
Addis excretory ratio in three successive periods, and obtained values greatly 
in excess of the simultaneous urea values 
Workers in the writers laboratory have shown that bromthymol blue and 
bromocresol red are excreted by the tubules in man 1 his work was abandoned 
when studies were begun on diodrast 
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these investigations established two important points the large magni¬ 
tude of the phenol red clearance at low plasma levels, suggesting the 
possibility of developing methods for measuring the renal plasma flow, 
and the maximal rate of tubular excretion at high plasma levels 

PHENOL RED CLEARANCE AT LOW PLASMA LEVELS 
To consider a specific example, a normal subject had an inulin clearance 
of 115 and a simultaneous phenol red clearance (P = o 1 to 1 o mg/per 
cent) of 40a cc/min The phenol red/muhn clearance ratio was 3 5 The 
unbound phenol red at these plasma levels averaged about 20 per cent, 
and since on!} the unbound dye is filtrable, the filtration clearance of 
the dye was equal to 20 per cent of the inulin clearance, or 23 cc It 
follows that the tubular clearance of the dy e was 379 cc (402 minus 23) 
Thus 6 per cent (23/402) of the total dye was excreted by filtration and 
94 per cent by tubular activity It is clear that the excretory capacity 
of the tubules is such that, despite a low filtration clearance occasioned by 
extensive protein binding, a considerable fraction of the dye entering 
the kidneys m the renal arterial blood is removed by the renal paren 
chyma and concomitantly excreted m the unne, 1 e the extraction ratio 
must be high 

Phenol red does not enter the red cells ttt vitro, though nothing is 
known about its behavior in ctco * 00 

The plasma extraction ratio of phenol red in man has not been 
measured directly, but it can be estimated from available data to be 
05 to o 6 Taking the extraction ratio of diodrast in man as o 92 and 
the average phenol red/diodrast clearance ratio as about o 60 , ,M * the 
phenol red extraction ratio would be about 054 The average phenol 
red/tnulm clearance ratio is 33, whereas the a\erage diodrast/tnulin 
clearance ratio is 5 26, indicating a phenol red extraction ratio of o 63 
Marshall obtained an extraction ratio of o 70 in the dog, and Sheehan ,S!5 
obtained o 50 to o 60 Whether this low extraction ratio is attributable 
to a limitation in tubular transport is not known It seems possible that, 
as a result of extensive protein binding with consequent reduction of 
the unbound phenol red to some 20 per cent of the total, diffusion from 
the peritubular capillaries is retarded to such an extent that considerable 
blood escapes into the \enous system before the dye is all cleared \ 
comparison of plasma binding and renal clearances of other sulphone 
phthalems might clarify this problem 

The plasma phenol red clearance in 23 normal subjects, examined by 
Smith et a/, mi averaged 394 ± 45 cc , the phenol red/muhn clearance 
ratio averaged 3 22 ± o 25 In 29 additional subjects examined by 
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Goldrmg et al , 797 the phenol red clearance averaged 391 ± 85 5 cc and 
the phenol red/inulin clearance ratio avenged 3 1 ± o 34 
The phenol red/inulm clearance ratio in Shannon’s 1847 data on the 
dog averaged 1 7> this would give an approximate value for the phenol 
red clearance of 15° cc/sq m 



PLASMA PHENOL RED MG/100 CC 
Figure 34 Phenol red/inulin clearance ratio in relation to total plasma con 
centration of phenol red Data on 3 dogs, each indicated by a different symbol 
The observations indicated by arrows were obtained during constant or increas¬ 
ing plasma concentration (Shannon 1M7 ) 

PHENOL RED Tm 

The phenol red clearance m man is depressed, both absolutely and rela 
tive to the inulm clearance, by elevating the plasma concentration above 
the critical value (c 15 mg/100 cc ) This depression of the clearance is 
a consequence of the fact that the tubular excretion of the dye is limited 
by a maximal rate, as m the case of diodrast, PAH, etc Tmpn in the 
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only subject studied was 35.8 mg. (23 mg/ico cc. of glomerular fil¬ 
trate). 1933 

Studies in the dog lw show that the self-depression of clearance is 
perfectly reversible; i.e. the phenol red/inulin clearance ratio traces the 
same course with ascending or descending plasma concentration (fig 34), 



Figure 35 Excretion of phenol red in the dog in relation to the plasma concen¬ 
tration of unbound phenol red The data arc from a single experiment. Tubular 
excretion of d>e docs not increase in direct proportion to P, but approaches and 
ultimately reaches an upper maximal limit. For this reason the total excretion 
b> tubules and glomeruli does not increase in proportion to P; i e. the clearance, 
UV/P, is depressed as the plasma level of d> e is raised above a critical value, 
as shown in figure 34 (Shannon wi ) 

showing that there rs no storage of dye in the tubule cells and that toxic 
phenomena are not involved.* The conclusion that there is no storage 
in the tubule cells is fortified by the observation, in in vitro cultures of 

* The lowest phenol red/inulm clearance ratio observed in man is about o.eo, 
which was reached at a plasma concentration of 70 mg/100 cc. of total phenol 
red At this concentration of phenol red in the blood, the subject was a vivid 
pink. 14 ** Phenol red, when properly purified, is relatively non-toxic, but only 
preparations specially prepared and tested should be used in large doses in 
animals or man. 
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mesonephros, that phenol red is transferred from the peritubular fluid 
to the tubular lumen m a diffuse state and without accumulation in the 
vacuoles or granules of the tubule cells Tm in the dog is fairly constant, 
limited data give a value of about 8 mg/mm per ioo cc of glomerular 
filtrate (fig 35) Shannon’s data on the action of phlorizin on the tubular 
excretion of phenol red are ambiguous 

SIMULTANEOUS EXCRETION OF PHENOL RED AND OTHER COMPOUNDS 
When the plasma level of phenol red is elevated, the simultaneous 
diodrast clearance is depressed, even though the concentration of dio- 
drast in the plasma is maintained below the level where self depression 
begins Similarly, elevation of the plasma level of diodrast or hippuran 
depresses the simultaneous phenol red clearance Diodrast and hippuran 
have a powerful effect in depressing the phenol red clearance, whereas 
phenol red has only a moderate effect in depressing the diodrast clear 
ance This depression is again perfectly reversible, essentially the same 
phenol red/inulin clearance ratios are obtained when the concentration 
of diodrast or hippuran is allowed to fall from high levels as when it is 
rising from low levels, if appropriate correction is made for delay time 
(see fig 32) The depression of the phenol red clearance is not a transient 
phenomenon, when the plasma concentration of diodrast is maintained 
at a high and constant level, the phenol red clearance is depressed to a 
low level, which is maintained steadily for 1 to 2 hr An approximately 
equal degree of depression of the phenol red/inulin clearance ratio at 
the same plasma concentrations of diodrast and hippuran is observed 
in all normal subjects 

On the basis of the evidence above, it was concluded by Smith, 
Goldring, and Chasis 1938 that these compounds are excreted by a com 
mon cellular mechanism in the tubules and that, under conditions of 
overload with any one, quantitative competition to some extent excludes 
the compound oflowest affinity and concentration for tubular transport 

The instant reversibility of the depression of the phenol red clearance 
by diodrast or hippuran also shows that the last two compounds, like 
phenol red, are not stored or accumulated in the tubule cells during 
excretion 

Hippunc acid,* lopax, skiodan, and neoiopax have a similar depressive 
action on the phenol red clearance 1949 

* The depress on of the phenol red clearance by sodium hippurate (for which 
no adequate analjtical methods were available) was the clue that led the author 
and his colleagues to study various hippunc acid derivatives and led to the 
introduction of p-aminohippunc acid ,,n With due regard for the possibility of 
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Shannon’s ,SM generalized hypothesis of tubular transfer, previously 
discussed in connection with the tubular reabsorption of glucose, is 
applicable to most of the available data on tubular excretion, with 
appropriate redefinition 


A + 
Solute in 
peritubular fluid 


B — AB ^ T -f B 
Cellular Res ersible Solute in Cellular 
element complex tubular urine element 


In order to arrive at a maximal rate of excretion with this simplified 
scheme, the second reaction must again be a first-order process, its rate 
slow in relation to the rate of attainment of equilibrium in the first 
Were the second reaction faster than the attainment of equilibrium in 
the first, the rate of tubular excretion would be linearly related to plasma 
concentration It is concenable that such could be the case with certain 
substances, as in the reabsorption of xylose, but at upper limits the 
rate of transport would be limited by the available energy m the tubule 
cell * Further study may reveal that one type of limitation (rate of 
reaction) may be operating in some instances where there is a maximal 
rate of transport, and the other type (free energy limitation) operating 
in other instances 

The equation, based upon the law of mass action, which relates 
Ppr, Tpr, and TmpR is 


K = Ppr — 


TpR 


RPF 


TmpR — Tpr 


Tpn 


where K is the equilibrium constant and RPF is the effective renal 
plasma flow as measured by the diodrast or other suitable clearance 
method 11 

enzymatic block or toxic action, this method or the substitution of PAH should 
afford a good means for testing for the tubular excretion of any substance sharing 
the tubular transport mechanism 

* It may be significant in this connection that diodrast and htppuran displace 
phenol red from its combination with plasma protein ,w It is possible that an 
absorptive phenomenon on some common cellular protein is involved ul tubular 
excretion The discussion of protein binding by Goldstein * M is of interest in this 
connection 

f It has been remarked {p 91), in connection with the application of Shan 
non s theory to tubular reabsorption, that the theory treats the entire kidneys 
as a single nephron, and neglects the dispersion of glomerular activity on the 
one hand and of tubular perfusion on the other, 1 e all splay in the titration 
curve is subsumed in the constant h. On the other hand, m the mathematical 
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The titration curve of phenol red differs from that of diodrast or PAH 
m that self depression of clearance begins at a relatively low plasma 
concentration and long before Tpr reaches TmpR This large splay in 
the titration curve of phenol red is unexplained 



Figure 36 Phenol red excretion in the aglomerular goosefish, Lophtus ptsca 
tortus The rate of phenol red excretion at the highest plasma level in each ex 
per ment has been taken as 1 o and is plotted in relation to the observed plasma 
concentration as an open circle The rates of excret on in the periods pr or to 
this have been plotted as the fraction of this value and are ind cated by dots 
The rate of phenol red excret on has approximately reached a maximum at 
plasma concentrations of 6 mg/ 100 cc (Shannon 

A maximal rate of tubular excretion of phenol red has been demon 
strated in both aglomerular and glomerular kidneys, 1403 while Bieter 183 
reported that the efficiency of the aglomerular kidney of the toadfish 

analysis of the titration curve, as developed by Smith et al im (ch xv), each 
nephron in the case of glucose reabsorption or each tubular unit (cell ? ) partici 
pating in tubular excretion, is presumed to effect complete transfer of the ma 
tenal available to it until saturation occurs This is equivalent to giving K a 
\ery large value so that the titration curve of each reabsorptive or excretory 
unit generates a very sharp angle, and interpreting any observed splay as due 
to differences in the relative volume of earner to the transfer units It seems 
reasonable to expect that a resolution of these conflicting interpretations can 
be effected experimentally 

{This equation has been applied to the tubular excretion of phenol red in 
the dog m * and creatinine in the dogfish and chicken mtim 
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in excreting both creatinine and phenol red is markedly lower after a 
large dose than a small one. Shannon 1857 found average values of TmpR 
in the goosefish (fig. 36) and toadfish as 9.3 and 13.6 mg/day per kg., 
respectively. Limited information on Opsanus shows that, at high plasma 
concentrations, the concentration of unbound dye in the plasma may 
be greater than that in the urine, showing that the renal tubule is im- 



Figure 37. Excretion of phenol red in the bullfrog in relation to the plasma con¬ 
centration of free phenol red Individual observations were averaged bj units 
of plasma concentration (Forster* 14 ) 


permeable to the unbound dye in the sense that it does not permit 
diffusion to occur Only through the active transport system can phenol 
red gam access to the lumen. 

In the dogfish, Squalus aean/hias, lUi the phenol red clearance at low 
plasma levels averaged 1750 cc/day per kg.; from the studies of several 
investigators the filtration rate appears to be about 80 cc/day per kg ; the 
phenol red/inulm clearance ratio averages 22 5. Since the extraction 
ratio of phenol red cannot be greater than 1.0, no more than 4 per cent 
of the total renal plasma flow can be filtered through the glomeruli, and 
it is probably only half of this figure. Some 99 per cent of the dye is 
excreted by the tubules. The average value of TmpR is 18 mg/kg. of 
body weight, or 4.8 mg/gm. of kidney, per day. This is about 23 mg/100 
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cc of glomerular filtrate Hippuran, but not creatinine, depresses the 
tubular excretion of phenol red in the dogfish 
In the bullfrog, Rana catesbtana, the highest phenol red clearance at 
low plasma levels was 185 cc/hr per kg , the filtration rate in this 
experiment was 27 cc/hr per kg Under these conditions, some 97 per 
cent of the dye was excreted by the tubules TmpR averages 120 mg/day 



Figure 38 Excretion of phenol red in the chicken in relation to the plasma 
concentration of free phenol red A, total excretion B, filtered C, tubular ex 
cretion (Pitts ““) 

per kg, or o 18 mg/100 cc of glomerular filtrate Tnipn is reached at 
plasma concentrations of unbound dye of 5 mg/100 cc (fig 37) 

In the chicken, ,tJ8 the phenol red clearance averages 36,000 cc/day 
per kg or 25 cc/min per kg , the filtration rate I 84 cc/min per kg or 
18 7 cc/min per sq m The phenol red/inulin clearance ratio averages 
13 Some 99 per cent of the dye is excreted by the tubules Tmpn averages 
62mg/ioocc of glomerular filtrate (fig 38) Phlorizin blocks the tubular 
excretion of dye, as shown by the reduction in the phenol red/inulin 
clearance ratio 

In the perfused frog’s kidney, the excretion of phenol red is inde¬ 
pendent of experimentally induced changes in the pH of the urine 





mg/ioo cc of filtrate 
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1,01,1,04 Dean and McCance/" Josephson and Lindahl/ 855 Shannon 
and Ranges,’*" Odell/** 8 Josephson and Godin, 1854 and Brod and 
Sirota/* 4 and an average ratio of 1.25 is reported by Crawford. 41 * 
In children with the nephrotic syndrome and high inulin clear- 
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Figure 41. Creatinine/inuhn clearance ratio in the chicken in relation to plasma 
creatinine concentration. The solid dots represent 7 chickens which had approxi¬ 
mately the same maximum rate of tubular excretion, the circles a chicken with 
an aberrantly low filtration rate. The smooth curve has been calculated from 
equation (3) taking Tm = 18 o mg/100 cc. of glomerular filtrate. K has a value 
of 22.7. The derivation of this equation is discussed by Shannon.' 14 ' The tri¬ 
angles are Creatmme/inubn clearance ratios after the intravenous administra¬ 
tion of 200 mg/kg of phlorizin. (Shannon us ‘) 

ances, Emerson, Futcher, and Farr 405 report ratios from 1.33 to 
1.76. Hogeman 1014 reports a correlation coefficient ofo.S93S.E- rir 
0.16 between simultaneous inulin and creatinine clearances in 157 
patients with a variety of renal and non-renal diseases. This cor¬ 
relation is better than between the inulin and urea clearances 
(0.818 S.E. ± 0.023). An average clearance ratio of 1.4 in man in¬ 
dicates that about 28 per cent (0.4/1.4) of the total creatinine in 
the urine is excreted by the tubules. 
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2. The creatinine clearance in all the above-mentioned species, 
including man, is depressed, both absolutely and relative to the 
inulin clearance, by raising the plasma level. This phenomenon in 
respect to tubular excretion in general is believed to be a conse¬ 
quence of the existence of a maximal rate of tubular excretion. Tm 
calculated for creatinine in the dogfish is 84, in the chicken 18, and 



PLASMA CREATININE MG/IOO CC 


Figure 42 Creatinine/inuhn clearance ratio in normal man (circles) in rela¬ 
tion to plasma creatinine concentration Dots after 100 mg/kg of phlorizin 
intravenously (Shannon 

in man about 13 mg/100 cc. of glomerular filtrate. Figures 39, 
40,41, and 42 show the creatinine/inulin clearance ratio in relation 
to the plasma creatinine concentration in these three species.* 

3. The creatinine clearance is depressed relative to the inulin 
clearance by phlorizin, as is shown in figures 39, 41, and 42. 

The excretion of creatinine in man requires special discussion Shan¬ 
non 1843 has shown that, immediately after the oral or intravenous 
* In the toadfish, the excretion of creatinine increases with unne flow, a phe¬ 
nomenon not observed with phenol red The data indicate roughly that the 
maximal rate of excretion exists in this species and has a value of about 40 
mg/kg of fish per day ,,s * 
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administration of creatinine m doses sufficient to raise the plasma level 
to 7 3 to io mg/loo cc , the creatimne/inuhn clearance ratio averages J 39 
As the plasma level is further elevated to 96 to 127 mg/100 cc, the mean 
ratio is depressed to I 12 * At all plasma levels, phlorizin (loo mg/hg 
intravenouslj) reduces the creatinine/inulin clearance ratio to 098 to 
1 07 The facts that the creatinine/muim clearance ratio at low plasma 
levels exceeds I o, that this ratio is depressed as the creatinine plasma 



Figure 43 The creatmine/inuhn clearance ratio in man in relation to plasma 
creatinine concentration Circles averages of 3 clearance periods each, obtained 
when the plasma concentration was increasing Dots averages of 3 clearance 
penods each, obtained after the plasma concentration had been raised and 
aJJowed to fall asasn Points conn erred by lines represent observations on a 
single individual in 1 day (Shannon ***•) 

level is raised, and that the ratio is reduced to approximate!} 1 o by 
phlorizin, leave no doubt that creatinine is excreted b) the tubules 

However, the excretion of creatinine in man is complicated by a 
factor not as jet reported in its excretion m other species or in the 
tubular excretion of other substances in man namely, m other species 
the creatinme/imilin clearance ratio, after being depressed by elevation 
of the plasma creatinine level, rises again to its initial value as fast as 
the plasma level is reduced by excretion, this is the result to be expected 

* Findley failed to obtain self-depression of the clearance at plasma levels 
between 1 o and 14 mg /ico cc if he corrected for endogenous chromogen by 
deducting the arbitrarj value of o 5 from all plasma concentrations, and he has 
criticized Shannon s use of high plasma levels on the ground that they were 
bejond the physiological range In view of what is known now about tubular 
excretion, and the excretion of creatinine jn particular, the criticism does not 
appear valid 








CREATININE 


189 

ui terms of a reversible tubular transfer mechanism limited by a maximal 
rate, the reduction in the clearance ratio being simply an expression of 
the relative values of the numerator and denominator in the fraction 
PcrCf/Tidcr In man, however, the creatinme/inulin clearance ratio 
fails to rise as the plasma creatinine concentration is reduced by excre 
tion, but remains for a number of hours at a value of 1 1 to r 2 (fig 43) 
Winkler and Parra 4235 subsequently observed that, following the 
ingestion of creatinine, both the creatinine clearance and the creatt 
mne/sucrose ratio behaved erratically and generally fell as the expen 
ment proceeded They believed that the self depression of the creatinine 
clearance at high plasma creatinine levels represented the same phenom 
ena as the depression of the clearance with time But Shannon and 
Ranges 1847 have presented evidence which appears to refute this inter 
pretation They have shown (a) that the creatinme/mulin clearance 
ratio does not fall markedly with time if the infusion of fresh creatinine 
is maintained, (b) that a second dose of creatinine elevates the depressed 
ratio toward the level characteristic of initial observations, and (c) that 
this elevation occurs only if the ratio is depressed by virtue of the pro 
longed circulation of creatinine in the body These observations exclude 
fatigue’ and stimulation of the tubular excretory mechanism and 
accord with the supposition that, in the body, creatinine undergoes a 
change that makes it less readily excreted by the tubules The specific 
enzymatic method of analysis fails to disclose a significant amount of 
non creatinine Jaffe reacting material m plasma either before or after 
the administration of creatinine ,4i0145 but the hypothetical transforma 
tion product need not give the Jaffe reaction, if it possesses a high affinity 
for a critical cellular excretory element and a slow rate of dissociation , 
minimal concentrations could compete with creatinine and reduce the 
tubular excretion of the latter at low plasma levels This competition 
would be alleviated by presenting more creatinine to the tubules by 
raising the plasma level 

Crawford 449 has shown that the creatmine/inulm clearance ratio is 
depressed to or toward 1 o by the administration of large doses of 
diodrast or PAH although the thiosulphate/inulm clearance ratio 
normally averaging 1 o, is not altered under these conditions She con 
eludes that this phenomenon indicates a common mechanism for the 
tubular excretion of creatinine, diodrast, and PAH, and considers it 
additional evidence of the tubular excretion of creatinine in man The 
depression of the creatmme/inulm clearance ratio in man by a high 
plasma concentration of diodrast is also evident in the data of Joseph 
son 1051 Bucht 138 reports that cannamide depresses the creatmine/inulm 
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clearance ratio for normal subjects from 1 24 ± o 07 to o 99 ± o 04, 
in a few instances this ratio decreased under the action of carmamide 
below 1 o 

The tubular excretion of creatinine has not been accepted by all 
writers, 594 but is the onlj interpretation consonant with all the facts 

In a limited series of obser\ations, Smith and Clarke 1935 found 
an average creatimne/inuhn ratio of 1 48 in theorang utan, r 23 m 
the gibbon, 1 11 in the chimpanzee, 1 14 in the baboon, and 1 10 
m the macaque monkey The last two figures are equivocal, but 
Houck (pers com ) has confirmed the observations in the ma¬ 
caque It is to be concluded, therefore, that the anthropoid apes 
and monkeys resemble man in the matter of the tubular excretion 
of creatinine, a phenomenon unique among the mammals so far 
studied 

It seems surprising that the tubular excretion of creatinine 
should occur in some mammals and not in others, but such must 
be the conclusion on the basis of the evidence Since the tubular 
excretion of creatinine is most highly developed m the fishes, one 
is tempted to view it as a primitive character and to believe that 
it persists as such in some of the higher animals and not in others 
But its failure to appear in the frog and turtle argue against this 
interpretation It is not impossible that this character has been 
acquired in the primates quite independentl> of any ancient her¬ 
itage Considerably more information must be gained on the com 
parative physiology of the kidney before questions such as this 
can be answered 

ENDOGENOUS CREATININE CHROMOGES CLEARANCE 
The apparent creatinine clearance based upon the endogenous substance 
or substances which yield color with alkaline picrate has b'vn recom 
mended as a measure of glomerular filtration in man mlim*.*** 7 * ow 

The amount of chromogen present in plasma filtrates vanes * con 
siderablj with the nature of the precipitating agent, even though the 
reagents have been demonstrated to gue 100 per cent recovery with 
added creatinine I94 ’ In man, the endogenous chromogen clearance had 

* The av erage plasma concentration of endogenous chromogen in man ranges 
from o 64 to 1 10 mg/100 cc and is independent of prote n consumption on a 
creatinine free diet " *“ though the figure vanes si ghtly with the type of ana 
lytical method used 
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the same order of magnitude as the urea clearance when the Folm Wu 
method of determination was used with a tungstate filtrate (which 
yields the highest chromogemc value),* 71 this clearance is higher than 
the inulm clearance with the iron filtrate, while with the tungstate 
filtrate the endogenous clearance as measured by the enzymatic method 
of Miller and Dubos 1150 was reported to be identical with the inulm 
clearance, thus behaving like true creatinine 1152 The difference between 
the two clearances is increased m subjects with nitrogen retention from 
renal disease Non creatinine chromogen in dog plasma remaining after 
absorption of creatinine by Lloyd s reagent has a v ery low clearance and, 
since it represents some 25 per cent of the plasma chromogen, it lowers 
the total chromogen clearance substantially 1888 The endogenous chromo¬ 
gen clearance in the dog ranges from 38 to 48 per cent of the inulm 
clearance with the tungstate filtrate 1849 and from 48 to 63 per cent with 
the iron filtrate 1888 In infants this ratio averages 060 ±0066 (055 
to o 69) 288 In the rat, the endogenous chromogen clearance is about 25 
per cent of the exogenous creatinine clearance 1243 

Creatinine is certainly among the endogenous chromogens in both dog 
and man but, with equal certainty, not all the chromogen is creatinine 
The clearance of the non creatinine fraction is lower than the inuhn 
clearance in both species and therefore, it gives an erroneously low figure 
to the total chromogen clearance In so far as creatinine tends to accumu 
late m man in consequence of renal retention, the apparent clearance 
will come to exceed the inulm clearance, as it should if the chromogen 
were all creatinine 

Stemitz and Turkand, 2000 2001 using the picric acid filtrate method of 
Popper, Mandel, and Meyer, and Steinitz inulm method, report endoge 
nous chromogen/inulin clearance ratios in 27 observations on 11 subjects 
without renal disease averaging 1 03 (073 to 1 17), whereas in subjects 
with nephritis this ratio ranged from l 04 to 1 73 On determination of 
the endogenous chromogen and exogenous creatinine clearances sequen 
tially in 22 subjects, they obtained an endogenous chromogen/exogenous 
creatinine clearance ratio averaging 1 22 (o 85 to I 87) Their data, 
and those reported by others, 284 leave no doubt concerning the difference 
between the clearances of exogenous creatinine and endogenous chromo¬ 
gen or the fact that the endogenous chromogen is closer to the mulin 
clearance than the true creatinine clearance 

The observations of Stemitz and Turkand have received confirmation 
m the recent studies of Brod and Sirota, 284 who have used a modified 
(1 4) Folin Wu tungstate filtrate and the Bonsnes and Taussky creati 
nine method They report that the endogenous chromogen/inulin 
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clearance ratio in 14 normal subjects averaged 100 ±0018 (range 
o 88 to I 10) The chromogen/thiosulphate clearance ratio averaged 
095 ±0018 (080 to I 01) Inultn or mannitol clearance ratios close 
to 1 o are also encountered in the reports of Aas and Blegen, 2 Blegen 
et al , 194 Eder (pers com), Lundquist, 12 * 4 Smclair-Smith et al , I9K Sims 
and Seldin, 1501 and Emerson, Futcher, and Farr,* 05 though in all in 
stances the deviation is sometimes large, possiblj because the analjti 
cal method for chromogen was not so accurate as that used b> Brod and 
Sirota As in the work, of Stemitz and Turkand, Brod and Sirota found 
that, when determined sequentially, the endogenous chromogen clear 
ance is lower in the same subject relative to the inulin clearance than is 
that of exogenous creatinine In 13 subjects with renal disease studied 
by Brod and Sirota, with a single exception these clearance ratios 
averaged 1 04 ± o 109 (o 89 to I 25) and 1 10 =fc o 292 (o 77 to 1 63) 
The discrepancj between the chromogen and inulm clearances of 10 
per cent or greater appeared onl> in patients with filtration rates below 
40 cc/min The exception noted was a joung female in the nephrotic 
stage of glomerulonephritis, in this instance the chromogen was excreted 
in a manner similar to exogenous creatinine, the chromogen/inulm 
clearance ratio averaging 1 61, the chromogen/thiosulphate clearance 
ratio 1 60, the first value checking at I 65 after 5 weeks Two gm of 
cannamide orally ever) 4 hr for 8 doses, as well as plasma levels of 60 
mg/100 cc of PAH, had no effect on the chromogen/inulm clearance 
ratio except m the subject m whom this ratio was normall) I 61 Cann 
amide lowered the ratio to 1 07, providing additional evidence of tubular 
excretion of chromogen (creatinine' 1 ) in this subject 

Brod and Sirota note that the absolute difference between the chromo¬ 
gen and inulin clearances, even in renal disease, is so small that the 
chromogen clearance can be used as a clinical test of the filtration rate 
in the adult This recommendation should be subject to reservations, 
however A discrepancj of 60 per cent was found consistently in one of 
their patients and an equal discrepancy in the opposite direction is 
present in all infants, while conditions involving excessive protein 
metabolism, which raise the plasma chromogen, 23! have not been exam 
ined Moreover, contrary to Brod and Sirota’s inference, Baldwin, in 
the writer’s laboratory, using the same plasma filtrate and analytical 
method, finds that mu subjects with congestive cardiac failure the 
ratio averages o 84 (range o 65 to 1 03) The endogenous chromogen/in 
ulm clearance ratio may be as high as 1 3 or higher in recovery from 
carbon tetrachloride intoxication 1,03 and in chronic glomerulonephritis, 15 ’ 
and is unreliable in such conditions Blegen, Haugen, and Aas, m using 
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the Fohn Wu method, which seems rather less reliable than the Bonsnes 
Taussky method, report an average endogenous chromogen clearance 
in 37 normal individuals of 105 ±21 cc (67 to 163); in 40 normal 
individuals the average chromogen/urea clearance ratio was 1 55 ± o 37, 
in 30 cardiac patients 1 63 rfc o 35, and in 36 patients with renal disease 
I 92 ;fc o 48 In 37 normals the average multn clearance was 126 ± 25, 
the average chromogen/mulm clearance ratio o 84 ± o 14, in 27 cardiac 
patients this value was o 84 ± o 16, a ratio identical with that of Bald 
win In 13 cardiac patients and 2 normals the average chromogen/thio- 
sulphate clearance ratio was o 89 rfc o 13 They note that, in view of the 
close correlation between the urea clearance (equal to 4 + o 58 x chro¬ 
mogen clearance) and of the fact that the chromogen clearance is inde 
pendent of diuresis and easier than the urea clearance to determine, the 
chromogen clearance has some clinical advantages 

Brod and Kotatko* 83 have more recently separated ‘true’( ? ) endoge¬ 
nous creatinine from non creatinine chromogen by adsorption of the 
former on Lloyd’s reagent, and find that ‘true’ creatinine comprises 
about 75 per cent of total chromogen Contrary to the experience of 
Brod and Sirota, Brod and Kotatko obtained a total chromogen/inuhn 
clearance ratio below 1 o in several normal subjects In all but one 
instance, the clearance ratio using ‘true’ creatinine was I o Cannamide 
and high plasma levels of PAH had no effect on this ratio, and they 
believe that ‘true’ endogenous creatinine is excreted without tubular 
reabsorption or excretion The non creatinine chromogen has a low 
clearance and reduces the total clearance in proportion to its concen¬ 
tration In chronic renal disease, the ‘true’ creatimne/mulin clearance 
may rise to 2 2 and is depressed by cannamide and PAH toward 1 o, 
and the authors suggest that the excess creatinine clearance in chronic 
renal disease is an indicator of the number of hypertrophic^) and 
aglomerular nephrons( ? ) 

Sirota, Baldwin, and Villarreal 1901 obtained an average chromo- 
gen/inulin clearance ratio of o 95 ± o 10 (range o 75 to 1 09) in 9 subjects 
studied over a period of 24 hr They note, however, that significant 
vanations in the plasma concentration of chromogen may occur through¬ 
out the day and night, which exceed the changes to be expected from 
changes m filtration rate, assuming constant creatinine production 
Hence plasma concentrations of chromogen should be determined at 
4 to 6 hr intervals if the chromogen clearance is to be used to measure 
glomerular activity throughout a 24 hr period or longer 

Hare, Goldstein, Barnett, McNamara, and Hare, 811 using an absorp- 
tion-elution (Lloyd’s reagent) method of Hare and Hare, 818 report in 
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24 observations on 22 normal subjects from 1 week to 40 jears of age 
each involving 3 to 9 clearance periods, an average ‘true’ creatinine/in- 
uhn clearance ratio of 1 03 (o 82 to 1 26) The average exogenous creati 
mne/mulm clearance ratio in 9 experiments on 6 normal subjects (76 
periods) was 1 08 {097 to 1 20) The authors conclude that some 80 
per cent of the chromogen in normal serum is creatinine, 90 per cent 
or more in chronic renal disease In renal disease, both the endogenous 
and exogenous chromogen/mulm clearance ratios increase to I 29 to 
2 64 No comment is made on the per cent of ‘true’ creatinine in plasma 
some hours after the administration of creatinine 

IMPERMEABILITY OF THE TUBULES 

Some of the investigations referred to above throw considerable 
light upon an important question m renal phjsiologj, namelj, the 
extent to which various substances ma> escape from the tubular 
unne bj diffusion in consequence of the high concentration gradi¬ 
ent established by the reabsorption of water. Shannon 
found that there is no detectable difference between the creatinine 
and inulin clearances in the dog (o 993 ± o 048), even when the 
unne flow is ver> low (U/P ratios up to 574) The diffusion co¬ 
efficient of creatinine is 5 times as large as that of inulin, if as little 
as 2 per cent of the inulin contained in the glomerular filtrate dif¬ 
fused back through the tubules, one would expect the back dif¬ 
fusion of 10 per cent of the filtered creatinine, which would create 
a detectable difference in the clearances Since no such difference 
is observed, one must conclude that the tubules of the dog are rel- 
atnel) impermeable to both inulin and creatinine, and we maj 
justifiabl) extend this conclusion to those animals in which cre¬ 
atinine is excreted in part bj tubular excretion, especialh in view 
of the identit} of the creatinine and inulin clearances after phlori¬ 
zin 

Shannon and Winton ,,n have shown that the identity of the creati 
nine and inulin clearances is maintained in dogs anesthetized with 
chloralose (100 mg/kg intravenous!}) at U/P ratios from 22 to 196, 
but in the isolated perfused dog kidney the creatinine/inuhn clearance 
ratio begins to fall when the inulin U/P ratio exceeds 40 and reaches 
0S5 at mutiR U/P ratios from 65 to 159 The creatinine clearance is 
lower than the inulin clearance onl> when the inulin U/P ratio is high, 
and not when, at a correspondingly low arterial pressure and low unne 



NEOIOPAX 195 

flow, the U/P ratio is prevented from rising by urea diuresis They say 
that the deficit in the creatinine clearance is not easily interpreted as 
a result of passive diffusion of creatinine, and they believe that the 
creatinine lost may be an incidental constituent of some of the reab¬ 
sorbed fluid, when the tubular reabsorption of water approaches com 
pleteness 

From the results above, and from estimates of the permeability of 
the tubules to urea (see p 75) it is clear that the renal tubules in the 
intact animal have a high degree of impermeability 

iopax (uroselectan) 

2 0x0-5 lodopyndine N acetic acid 

The excretion of iopax has been examined in only 2 subjects In one, 
the lopax/inuhn clearance ratio at plasma iodine concentrations of 3 o 
to 4 4 tng/100 cc averaged 4 26 In the second subject, this ratio at 
o 64 to o 70 mg/100 cc iopax iodine averaged 5 7 The clearance is self 
depressed Tm having a value in the 2 subjects of about 27 and 21 mg 
of iodine (o 21 and o 17 mM) per min Iopax depresses the phenol 
red/inuhn clearance ratio in a manner similar to diodrast 1848 Simulta 
neous and successive clearances in the dog show that the iopax clearance 
is 65 to 80 per cent of the p hydroxyhippuric acid clearance and therefore 
of the diodrast clearance (table 11) 1887 It is clear that iopax is excreted by 
the tubules, that the extraction ratio at low plasma levels is large, 
though not as large as that of diodrast, and that a common tubular 
mechanism is involved in the excretion of iopax and phenol red Data on 
pfasma protein binding are available ,tse and studies on excretion in 
the chicken by Lambert 1184 


NEOIOPAX 

N methyl 3 5-dnodo 4 pyndoxyl 2,6 di carboxyl ate 
In one subject the neoiopax/inulm clearance ratio at 1 o mg/100 cc 
iodine in the plasma averaged 1 24, this ratio was depressed at o 99 at 
12 mg/100 cc plasma iodine In a second subject, the clearance ratio 
averaged 1 15 at 5 mg/100 cc iodine and was depressed to 080 at 41 
mg/100 cc iodine F\\ was calculated to be o 72 to o 89 at these con 
centrations Neoiopax depresses the phenol red/inuhn clearance ratio, 
but less markedly than does iopax or diodrast Tm is of the order of 3 mg 
iodine (001 mM ) per mm It is concluded that neoiopax is slight!}, 
but poorly, excreted by the tubules 1848 Data on plasma protein binding 
are available ,86 ° 
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2 PYRIDOVE I ACETIC ACID 

Simultaneous and successive observations in the dog show that this 
compound is cleared at about the same rate as p-ammohippunc acid and, 
therefore, diodrast ,sr It is essential!* the nucleus of diodrast and lopax, 
differing from both in the absence of iodine and from diodrast m the 
position of the oxjgen It can be concluded that the presence of iodine 
is not responsible for the high extraction ratio of diodrast, but that this 
is a function of the nuclear structure 

SKIODAN 

mono-iodomethane sulphonate 

Elsom, Bott, and Shiels ^0 ' , reported that the skiodan clearance averaged 
93 per cent of the creatinine clearance in the dos, and that the ratio of 
these clearances was independent of the plasma concentration of skiodan 
Landis, Elsom, Bott, and Shiels uo * reported skiodan/creatimne dear 
ance ratios m man ranging from o 82 to 1 14 and averaemg o 95 Smith 
and Ranges 1,45 found an a\ erase skiodan/inulm dearance ratio in 2 
subjects of 1 2, this ratio being slightly depressed by delation of the 
plasma skiodan concentration Since at 1 o mg/100 cc. of skiodan iodine 
on!) 82 p*r cent of the skiodan in human plasma is filtrable, 1 * 54 it appears 
that there is slight tubular excretion This conclusion is supported b* 
the facts that skiodan depresses the phenol red/inulm dearance ratio 
and that it is excreted by the aglomerular toadfish kidney 

p-AMINOPHEVYLSCCCIMC ACID 

The p-ammophenjlsuccinic aad clearance in the dos is initially greater 
than the creatinine dearance and increases erraticallj on prolone-d 
infusion, indicating metabolism to some substance with a high dearance 
value 

PENICILLIN 

Rantz and kirbj 1CI have shown that penicillin is excreted by the 
tubules in man, the dearance havine an order of magnitude of 7^0 to 
1000 cc. of plasma per mm Infusion of peniallm in quantities up to 
"0,000 units failed to establish a maximal rate of tubular excretion The 
dearance is unaffected by the urine flow Bever, Peters, Woodward, and 
\ erwey 145 showed that the peniallm dearance in dogs is essentially the 
same as the PAH dearance, and Beyer, Miller, Russo, Patch, and ^ er 
wey Ie report that penicillins G, k, F, and X have essentially similar 
renal dearanees at low plasma lev els (0.4 to o 9 units/cc.) in the doc, the 
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values ranging from 200 to 300 cc/min , the average creatmine/pemcillm 
clearance ratios ranging from o 29 to o 35, indicating that the extraction 
ratios are as high as that of PAH Jensen et al 1074 report pemciUm/creati- 
nine ratios greatly in excess of I o in the rabbit, the dog, and man 

In man, Eagle and Newman 559 find that penicillins F, G, and X have 
clearances ranging from 550 to 900 cc/min , the mulin/penicillin clear 
ance ratio ranging from o 18 to 031, indicating again nearly as high an 
extraction ratio as with PAH, so that the clearances are maximal, or 
approximately equal to the renal plasma flow The clearances were inde 
pendent of the absolute blood level over the range o 05 to 10 micro- 
gm/cc , and independent of urine flow Urinary recovery of these three 
penicillins is practically 100 per cent, whereas recovery of penicillin K 
is only some 30 per cent Penicillin K in man had a clearance only one 
fourth to one half that of F, G, or X In rabbits, the average clearance 
values for penicillins F, G, and X were, respectively, 32, 56, and 36 
cc/min , figures comparable to the renal plasma flow Single intravenous 
injections of 600 mg/kg of penicillin G (corresponding to 60 million 
units in the average human adult), sufficient to yield plasma levels of 
2667 to 3200 microgram/cc , appeared to saturate the tubular excretor) 
mechanism, since the clearance was depressed to the level of the filtration 
rate 

Eagle and Newman point out that attempts to modify the rate of 
excretion of penicillin by reducing the urine flow either by water restnc 
tion or the use of pitressin are physiologically unsound The rate of 
clearance is independent of urine flow and would be affected only by 
measures reducing the renal blood flow 

Eagle and Newman 859 suggested that, because of the wide range of 
penicillin that can be established without self depression of clearance, 
it would be superior to diodrast and PAH for measuring the renal blood 
flow, and Bryner, Randall, and Rantz 28 ® have utilized injections of 
penicillin in beeswax and peanut oil for this purpose in 31 subjects, 
generally repeating the test on separate days, the difference between the 
two clearances was high, with an overall average of 29 5 per cent Part 
of this difference is attributable to the fact that the determination of 
penicillin, depending as it does on a bioassay and serial dilution tech¬ 
nique, has an error of —20 to +40 per cent 

Rammelhamp and Bradley im showed that the tubular excretion of 
penicillin is depressed by diodrast, and Beyer and his coworkers showed 
that it is depressed b> PAH, the latter recommended the use of PAH to 
reduce the penicillin clearance and maintain the plasma concentration 
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for therapeutic purposes *” '“■ ulLC Cannarmde {-tde infra ) is, however, 
supenor for this purpose The ora! administration of benzoic acid is much 
less effective than PAH or cannamide because it is excreted as rap dlv 
as it is conjugated to form hippunc acid 

CARISAMIDE * 

Cannamide k'-carbox}phen)lmethane sulfonamhde), or ‘station was 
shown bj Be)er and his coworkers m ,e to depress the tubular excretion 
of pemallin This inhibitor} action is exerted equal!} on the tubular 
excretion of penicillins G, k, F, and X, and the resulting reduction in 
the pemallin clearance elevates the plasma concentration obtained 
with a given dose of antibiotic CSi4S '' im Cannamide is without adverv 
effects, the action on the renal tubules being rev ersible, and it is cffectire 
when administered orall) or parenteral!} At suitable doses, th“ tnhibi 
tion of tubular excretion is almost complete the peniallin/crcatmine 
ratio being depressed below 1 o (o 7 to t o) in the dog because of plasma 
binding of the pemallin 

Brod and kotatko ,c have shown that moderate do«es of cannamide 
sufnaent to depress Tmpm if this value is normal do not depress Cpah 
as measured at low plasma levels If Tmp.vn is reduced, the same do«e 
of cannamide will depress Cpui without affecting the inulin or endogc 
nous creatinine chromogen clearance. Their evidence supports the Wi' f 
that cannamide competes with PAH in the tubular transport svstem 
\\ here the tubules are intact, large quantities of cannamide are required 
to block. PAH excretion, in the presence of renal disease small quantities 
are effectiv e. 

Cannamide depresses the tubular excretion of PAH and phenol red 
at both low and high plasma concentrations of these compounds, but has 
no effect on glucose Tm arginine Tm or the urea, sulfonamide, o'- 
creatinine clearances In doses sufnaent to suppress completel) the 
tubular excretion of pemallin, it did not influence significant!} the heart 
or respiratory rate, sjstemic blood pressure or kidne} volume, and 
proved to be relatively non toxic. ,,I - m ‘ 01 

Be}er and his coworkers *” ,tt,a estimated that the rate of excretion 
of cannamide (UV) was that to be expected from the rate of adminis¬ 
tration and the creatinine clearance and concluded that it is excreted 
exclusivel} by filtration This led Be}er to suegest that it depressed 
tubular excretion b> specrficall} blocking the enzyme system imohed 
in tubular transport, 14 * and not b> competition for the trampoT s>stem 
as has been accepted for other substances that show matcnal interference 

•Originally spelled caronam de. 
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m tubular excretion But tarle and ■Brodie,®' - ’ having developed an 
analytical method for carmamide, reported that 40 per cent is protein 
bound in dog plasma at a drug concentration of 10 mg/100 cc and an 
albumin content of 3 5 gm/100 cc The uncorrected renal clearance in 
the dog they found to be approximately one half the filtration rate but, 
when corrected for plasma binding the ratio of the clearance to the 
filtration clearance was 1 30 They concluded that cannamide excretion 
involves tubular excretion, and that the depression of the penicillin, 
phenol red, diodrast, and PAH clearances represents competition within 
the tubular transport system, as in other cases 
Beyer and his colleagues, 149 1583 exploring further into what appears to 
be a complicated problem, affirm that considerable amounts of cann 
amide and of its metabolites are reversibly adsorbed on plasma protein 
The cannamide and total carinamide/creatmine clearance ratios are 
depressed by elevation of the plasma concentration, but never exceeded 
I o at any plasma concentration PAH at high plasma concentrations 
reduces both clearance ratios The authors believe that a large portion 
of the drug filtered through the glomeruli is reabsorbed by the renal 
tubules, however, at low plasma concentrations filtration of the drug as 
calculated from the unbound fraction cannot account for the total rate 
of excretion They propose (a) that plasma binding, or the electrostatic 
attraction between plasma protein and cannamide, impedes the amount 
of drug filtered on a temporal basis but does not limit filtration to the 
unbound drug as determined in a static in vitro system, alternatively, 
(b) that both tubular excretion and reabsorption occur The inhibition 
of excretion by PAH may be reconciled with either hypothesis, although 
sufficient evidence to establish either interpretation is not available 

PHENOLSULPHURIC ESTER 

Whereas the phenol clearance in the goat is about 20 per cent of the 
creatinine clearance,, phenolsulphunc ester and phenol clucoronide have 
clearances about three times as great as the creatinine clearance 1972 

UROBILIN 

In dogs, the urobilin/creattnine clearance ratio ranged from 053 to 
1 35 and averaged 1 03 In man, this ratio ranged from o 95 to 1 86 and 
averaged 1 48 The authors conclude that in the dog it is excreted by 
filtration only, but that in man tubular excretion raises the clearance 
above even that of creatinine The urobilin clearance is greatly reduced 
in patients with renal disease 1780 
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ATABMNE 

The atabnne/PAH clearance ratio had a value of o I at a unne pH of 
7 6 in 2 subjects, increasing to o 6 at pH 6 o The data indicate that 
atabnne is excreted by the tubules, but that the free base diffuses or is 
actnely reabsorbed into the blood eM 

TETRAETH VLAMVO VIL M 

The quaternary nitrogen ion, tetraethylammomum, when infused into 
the renal arterj of the doc has an estimated extraction ratio of 58 to 
73 per cent, or better than twice the simultaneous creanmne extraevon 
ratio The extraction ratio approaches that of creanmne at plasma con 
centrations of 4 to 6 me/100 cc and, at higher concentrations, maj fall 
below that of creatinine Plasma protein binding has not been studled. ,,,, 

N 1 METmLMCOTIN AMIDE 

This quaternary ammonium compound (NMN) is a principal metabolic 
prodact of nicotinic acid and is excreted after the administration of 
either nicotinic acid or nicotinamide Sperber (nde tnjrd) first called 
attention to its tubular excretion in the chicken hidne) Bejer, Kusso, 
Gass, VN ilhov te, and Pitt M * hav e shown that it is excreted by the tubules 
in the dog, the creatinine clearance ratio at low plasma levels being 
close to 3 o The clearance is ^elf-depressed on eltfv ation of the plasma 
level, butTm was not determined because of a toxic action accompanied 
by nausea and vomiting, hemoljsis, and hematuria. There is sbght if 
any binding b> plasma proteins NMN does not depress the PAH 
clearance or TmpvH> while PM! does not depress the NMN clearance or 
YMN/creatinine clearance ratio The NMN clearance is not depressed 
by nicotinamide (a tertian- amine which is reabsorbed bj the tubules) 
or cannamide under conditions in which the latter compound completelv 
suppresses the tubular excretion of penicillin and grcatlj depresses the 
P\H clearance The NMN clearance is not depressed by tngordline 
(N m*thvlnicotmic acid) or 1 methv l 3-carboxvlamide-6-pyndone (a me¬ 
tabolite of nicotinamide) in the concentrations studied 

The data agree with Sperber’s conclusion that the cxcredon of NMN 
is effected bv a different mechanism m the tubules than is involved in 
the excretion of hippunc aad and its derivatives (and therefore d odrast 
and phenol red and the penicillins) Bejer t: cl suegest that the NMN 
mechanism ma> be common to the quaternary bases 
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The authors point out that in mice the acute intravenous toxicity of 
nicotinic acid is 1170 ± 143 mg/kg, while nicotinamide is still less 
toxic (LD50 = 2100 =fc 155 mg/kg) Since the amide is an essential 
metabolite, it is consistent that its renal elimination should be very low, 
1 e that it should be reabsorbed by the tubules In the inactivation of 
nicotinamide by transmethylation, however, the toxicity is increased 
sixfold (LD50 of NMN = 345 ± 26 mg/kg) Thus, the tubular excretion 
of NMN would seem to be a compensatory measure for the increased 
toxicity of this non essential metabolite of nicotinamide Except in the 
dog, NMN excretion represents a small percentage of the total dose of 
nicotinamide administered, by far the greater amount of nicotinamide 
metabolite is believed to be a pyndone or other degradation product 
Thus it seems that in the metabolism of nicotinamide, the body makes 
use of both renal tubular excretion of a toxic product plus, in some 
species, a further oxidation of the amide to less toxic products whose 
rates of renal excretion are of less importance Consistent with this 
interpretation is the observation that the acute intravenous LDy, of 
the 6 pyndone derivative in mice is 1310 =fc 80 mg/kg , or roughly one- 
fourth that of its probable precursor (NMN) 148 

TUBULAR EXCRETION OF OTHER SUBSTANCES 
IN THE CHICKEN KIDNEY 

Reference has been made to the tubular excretion of phenol red, uric 
acid, and creatinine m the chicken kidney Sperber 1,70 1971 1#7 ' > has quail 
tatively examined the excretion of other substances in the chicken by 
injection into one leg vein Because the renal portal circulation is uni¬ 
lateral, tubular excretion accelerates the rate of excretion on the injected 
side relative to the control He finds that hippuric acid, ormthunc acid, 
p-acetylaminobenzoic acid, methyl glucuromde, phenylglucuronide, 
phenol sulphuric ester, and probably resorcinylglucuromde are all 
excreted by the tubules, while free phenols, benzoic acid, p-amino- 
benzoic acid, glucuronic acid, and probably pregnanediol are not He 
emphasizes that the substances susceptible to tubular excretion are 
products of important detoxication mechanisms The excretion of the 
phenolic glucuronides is depressed by hippuric acid N methjlnicotin- 
amide, piperidine, guanidine, and methylguamdine are also excreted by 
the tubules, but this process is not depressed by hippuric acid or diodrast. 
His studies, with those of Bejer et a! cited above, indicate that at least 
two transport mechanisms are involved in tubular excretion. 
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COMPETITION BETWEEN TUBULAR EXCRETION 
AND TUBULAR REABSORPTION 

Earl} studies on man rev eafed no mutual interference m the simultaneous 
determination of Tm D and Tm c mum Selkurt 1819 studied Tm c , alone 
and simultaneously with Tmp A H, m 4 dogs and reported ratios of 
TmG-with PAH/Tmc alone of o 92, o g8, o 88, and 1.06 (av erage o 96), 
and concluded that PAH did not influence Tihg Eller, Althausen, and 
Stockholm sn report data in I dog which indicate a slight mutual depres¬ 
sion of Tma (n per cent) and Tn?o 08 per cent), although they make 
no particular mention of it. In another dog Tmp was decreased 12 per 
cent b> glucose Klopp, loung, and Taj lor 1117 report a decrease in 
Tmpin with glucose in 3 normal subjects, and an increase * in Tmo 
with PAH in 4 other individuals Reduction in Titig in dogs during the 
determination of Tmp A n, as compared with control values, is also re 
ported bj Kellej and McDonald 1101 GnmeUi, Chertack, Rhetra, Ken 
dnck, and Forrest ta report a reduction of PAH clearance during hj'per 
glycemia of 31 4 per cent in 7 women and 52 5 per cent in 6 men, and 
ofTmpvH of 29 8 per cent Houck 1851 found that Tmp A H with G/Tmpur 
m 8 trials in 3 dogs averaged o 82, and that Tmo-with PAH/Tmo in 9 
trials in these dogs averaged o 91 The results were highly consis*ent 
and Houck concludes that at some point in the transport sjstem these 
two substances, the one excreted and the other reabsorbed by the tubules, 
compete for available energy He does not believe that the mutual 
depression is attributable to competition for a common cellular con 
stituent, B, as in the tubular excretion of two substances 

These observations are rendered more confusing by the demonstration 
by Baldwin, Schreiner, Breed, Wesson, and Maxwell 71 that PAH reacts 
with glucose to form a readil} hydrolyzable complex Although it is not 
demonstrated that this reaction occurs m n~o, some of the results above 
can possibl) be explained on this basis because investigators may have 
mixed PAH with strong glucose infusions 

Transient depression of reabsorption of vitamin C by glucose and 
PAH is reported by Selkurt, 1 * 70 and by electrolytes by Selkurt and 
Houck, m * phenomena these authors also have interpreted in terms of 
competition for available energj 

* This anomalous result may be a technical error arising from the reaction of 
PAH m the chemical determination of mannitol •* 
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ALLANTOIN 

In all the sub-primate mammals, with the exception of the Dal¬ 
matian coach hound, the principal urinary product of purine 
metabolism is allantoin, the proportion of purine excreted as uric 
acid being very small. 

Friedman and Byers, 707 finding that the mean endogenous al¬ 
lantoin clearance in rats averaged 33 7 cc/hr. per 100 gm. body 
weight and the mean creatinine clearance in a separate series 
averaged 34.6 cc., compared simultaneous clearances of allantoin 
and creatinine in the dog. The endogenous allantoin clearance 
averaged 85.5 and the creatinine clearance 90.0 cc/min. per sq. m 
Simultaneous clearances of exogenous allantoin and creatinine in 
9 dogs averaged 89 9 and 89 3 cc., respectively, the identity being 
independent of the plasma concentration of allantoin between 
(endogenous) levels of 0.45 and (exogenous) levels of 30 mg/100 
cc. * 

In 5 normal subjects, Friedman, Byers, and Abrahm 710 ob¬ 
tained an average allantoin/inulin clearance ratio of 1.04 (range 
0.88 to 1.20); in 11 subjects with essential hypertension or ne¬ 
phritis, this ratio averaged 0.99 (range 0.85 to 1.26). 

Friedman and his coworkers conclude that allantoin is excreted 
solely by filtration in the rat, dog, and man, and point out that 
203 
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chemically this compound is more like creatinine than uric acid. 

Allantoin excretion in the rat is increased by the administration 
of a number of physiologically active substances, 1403 some of which 
may transiently increase the filtration rate while others may in¬ 
crease purine metabolism. 


HEXITOLS 

The excretion of hexitols was first studied by Smith, Finkelstein, 
and Smith, 104 * using a periodate oxidation method on plasma 
filtrates and urines, the plasma filtrate having been treated with 
yeast to remove glucose and other fermentable substances. In the 
dog, the sorbitol/creatinine clearance ratio averaged 0.97, the 
sorbitol/inulin ratio 0.97, the mannitol/creatinine ratio 0.94, the 
mannitoi/inulin ratio 0.96, the dulcitol/creatini'ne ratio 0.98, and 
the sorbitan/creatinine ratio 1.00. 

In man, the sorbitol/inulin clearance ratio averaged 1.01, the 
mannitoi/inulin ratio 0.99, the dulcitol/inulin ratio 0.94, and the 
sorbitan/inuhn ratio 1.01. None of these ratios was considered to 
differ significantly from 1.0. 

Thus the three hexitols, sorbitol, mannitol and dulcitol, and 
the first anhjdride, sorbitan, appeared to be excreted without 
tubular reabsorption. They represented the first compounds whose 
clearances checked the inulin clearance in man.* 

Earle, Taggart, and Shannon, 585 using the periodate method, obtained 
a mannitoi/inulin clearance ratio, in 8 subjects with various degrees of 
renal disease, ranging from o 9a to 1.03 and averaging o 96, and Selkurt 
et al. iKa obtained an average mannitol/ereatinine ratio of o 97 in 16 
periods m the do£. Subsequent!}', however, Berger, Farber, and Earle 13 
were led to re-examine the excretion of mannitol in man, using the chro¬ 
motropic acid method of Corcoran and Page, 455 in which glucose does 
not react and which therefore does not require that the plasma be treated 
with ) east They obtained an average mannitol/mulin clearance ratio 
of o 87. A. similarly low ratio has been reported by Corcoran and Page 45 * 
m both man and dogs, by Hoobler (quoted by Corcoran and Page) in 

•When procurement of pvrogen-free inulin became impossible during the 
war mannitol was substituted in the author’s laboratory for measuring the 
glomerular clearance in clinical investigations , 1 * 1 ’ U ' 1 and it came info wide¬ 
spread use In reviewing clearance data, the writer has quoted uncorrectcd 
mannitol clearances unless otherwise stated. 
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man, and by investigators in the writer’s laboratory (unpubl obs ) when 
the chromotropic acid method is used It has been found in the writer s 
laboratory that there is apparently something in mannitol as now com 
mercially available which is removed by yeast if the jeast has been 
washed and stored in the icebox for several days (as was commonly the 
practice), whereas freshly washed yeast does not remove it, and the 
clearance ratio is higher when the plasma is yeasted with stored jeast, 
presumably because of removal of this fermentable substance It would 
seem that this substance is also reabsorbed by the renal tubules Hence, 
whether a clearance ratio of o 9 or 1 o is obtained depends in part upon 
whether or not yeast is used and upon the fermenting activity of this 
yeast, which not only varies after washing but is not the same in all 
samples of yeast Moreover, Kendrick, Swisher, and Forrest ,m show 
that, during yeast fermentation of glucose a significant quantity of 
material (3 to 4 per cent), presumably glycerol, is formed which reacts 
in the periodate method, and that failure to correct for this error reduces 
the mannitol clearance value In view of these difficulties, mannitol is 
no longer considered suitable for the clinical measurement of the filtra 
tion rate and other hexitols should not be used for this purpose without 
re examination of the foregoing sources of error 

The second anhydrides, isomanmde and sorbide, are reabsorbed to a 
great extent, the creatinine clearance ratios in the dog being o 47 and 
o 55 respectively 1948 Saturation of the glucose mechanism (Pq = 428 
to 458 mg per cent) does not significantlj change the isomannide/creati 
nine clearance ratio Sorbitol, mannitol, isomanmde, and sorbide were 
shown to be completely ultrafiltrable from plasma 

Sorbitol is metabolized to a considerable degree, and only 32 per cent 
of a measured intravenous dose was recovered in the urine in man when 
the simultaneous inulin recovery was 98 per cent Dulcitol and mannitol 
are apparently only slightly metabolized, 87 per cent of a measured 
dose of dulcitol was recovered in man in 10 hr (no inulin reference), and 
81 and 89 per cent of mannitol were recovered in 10 5 hr as compared 
with 95 and 97 per cent recovery of inulin 1948 Some investigators ha\e 
denied that mannitol is metabolized in man but the majority agree that 
it is 12310391809 

Sorbitol, mannitol, dulcitol, and isomanmde have been demonstrated 
to be relatively non toxic, and sorbitol 1807 and isomanmde 1,M have 
been recommended as osmotic diuretics * 

* Mannitol has been widely used to ma ntain the unne flow at practical 
values during clearance studies m both the dog and man Tor this purpose a 
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Newman, Bordley, and Wintemitz ,SI * have attempted to determine 
renal clearances b> the intravenous injection of single doses of mannitol, 
and they have related such clearances to the apparent volume of distn 
bution of mannitol as calculated from the falling plasma curv e, a volume 
thej identify, with reservations, as close to that of the extracellular fluid 
The errors inherent in using rapidlj changing plasma levels for the 
determination of clearances, and the impossibility of determining the 
extracellular fluid volume by a single injection of anj substance which 
has a substantial clearance rate, hav e been discussed in chapter m 

GLVCEROL 

Glycerol excretion begins in man at plasma concentrations of about 
10 mg/ioo cc The general relations between P and UV are such as to 
suggest tubular reabsorption with a maximal rate, but in the absence of 
simultaneous measurements of the filtration rate this inference cannot 
be accepted as established*®* 

POL\ ETHYLENE GLYCOLS 

Shaffer, Cntchfield, and Carpenter ,Ui have studied the excretion in the 
dog of pol>eth>lene gljcols ranging in molecular weight from 400 to 
6000 Those with average molecular weights of 400,1000, 1540, and 4000 
are cleared from the plasma at a rate identical with that of creatinine 
The ratio of the clearance of the polj eth> lene glycol of av erage molecular 
weight of 6000 to that of creatinine is consistently less than lo(o6to 
08), the clearance ratio is unaffected by extreme hyperglucemia or by 
saturation of the tubules with diodrast. It seems unlike!} that it is 
reabsorbed by passive diffusion, since it is the least diffusible of those 
studied It is more likely that the clearance deficit is due to the failure 
of filtration of a ver) elongate molecule The pol} eth} lene glycols appear 
to be distributed in the extracellular fluid, and those of a lower molecular 
weight are metabolized to a limited extent 

YR.VCTOSANS 

Beattie and Corcoran 1,0 report that Ievan polysaccharides having a 
molecular weight between 7000 and 8000 show an initial creatinine 
clearance ratio of o 7 to 10 when either injected in a single dose or con- 

5 per cent mannitol solution carrying such other solutes as are dcs -ed maj be 
given intravenously at the rate of i cc/min in the dog and 4 cc/rain in man, 
following a priming injection of some 300 mg/kg of body weight Precautions 
concerning the use of any substance as an osmotic diuretic in anuria arc dis¬ 
cussed in chapter xjciv 
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tmuously infused, but the clearance ratio declines to o i to o 4 by the end 
of the second hour 

Frisin, which has a molecular weight of about 23,000, shows initial 
lower clearances (creatinine clearance ratio of o 60 to o 85), but the 
clearance also decreases with time, even on continuous infusion 

These fructosans are probably not homogeneous, and the decrease m 
clearance on continuous infusion might be interpreted, according to 
Corcoran, as due to occlusion of glomerular pores * 

FERROCYANIDE 

Ferrocyanide is one of the few substances tested that is not excreted by 
the aglomerular kidney except in traces * 1,52 Investigators have long 
used its excretion as an easy test to determine whether a fish is aglomeru 
lar or not Van Slyke, Hiller, and Miller 2093 2094 and more recently 
Berliner, Kennedy, and Hilton 133 report that the simultaneous ferro¬ 
cyanide, inulin, and creatinine clearances in the dog are equal, but 
Miller and Winkler 1451 found that in man the ferrocyanide clearance is 
at the level of the urea clearance, or usually about half of the creatinine 
clearance, and they conclude that about 40 per cent of the filtered 
ferrocyanide is reabsorbed by the tubules They point out that this 
might be due to a specific difference in the kidney of man and dog, or 
it might be due to the fact that the observations on the dog were made 
at higher plasma levels than in man, m whom Miller and Winkler 
obtained adverse reactions It is conceivable that the material used by 
Miller and Winkler was impure and contained a toxic factor The 
problem would invite further investigation in man were it not for the 
adverse renal and other effects obtained by these investigators, which 
prescribe considerable caution 

THIOSULPHATE 

Gilman, Philips, and Koelle, 7 * 3 by the use of the single injection 
method, found that the thiosulphate and creatinine clearance are 
identical in the dog and concluded that thiosulphate is excreted 
onl> by filtration Only 70 to 80 per cent of intravenously injected 
thiosulphate was recovered in the unne, the Joss for the most part 

* Gersh and Stieghtz m concluded that there is no reabsorption of fcrro- 
Cjamde b> the tubules of the rabbit kidne>, but their evidence was based upon 
the histochemical demonstration of this substance in the capsular flu d and 
lumen of the tubules and its absence from the tubule cells in kidnejs which 
had been rapidl) dehydrated at low temperatures. Such evidence must be con 
sidered qualitative and equivocal 
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occurred during and immediately following injection and only 
slow destruction was noted after equilibration was complete The 
lost moiety is largely oxidized to sulphate Such thiosulphate as 
escaped destruction was distributed approximate!} in the extra 
cellular fluid 

Pitts and Lotspeich, ,M! using the infusion method, confirmed Gilman 
ct a! in finding a thiosulphate/creatinine clearance ratio averaging 1 oo 
(090 to 1 13), this identity being presened at plasma thiosulphate 
concentrations ranging from 17 8 to 55 6 mg/100 cc The administration 
of thiosulphate was without effect upon the creatinine and PAH clear 
ances and, since this salt lacks buffering activity, it has no effect upon 
the excretion of titrable acid, differing importantly from creatinine in 
this respect and offering some advantages in studies of acid base equi 
Ubnurn 

Newman, Gilman, and Philips ,w * reported the thiosulphate/inulin 
clearance ratio in man (sex unspecified) to average 099^:008 (07 
to 1 3), this ratio being independent of plasma thiosulphate concentration 
between 6 and 60 mg/100 cc m various patients, and independent of 
urine flow All data were, however, obtained by the single injection 
method There is some metabolism of thiosulphate in man, as in the dog 
The identity of the thiosulphate/mulin clearance ratio has been con 
firmed in man (sex not stated) in various renal diseases by Bran,*' 3 and 
by Crawford 448 m 7 women at plasma concentrations of 10 to 2$ mg/100 
cc Blegen, 0 ming, and Aas 194 obtained a thiosulphate/inulin clearance 
ratio of 1 08 ± o 13 at plasma thiosulphate concentrations averaging 
15 mg/100 cc in 2 normal subjects and 13 patients with heart disease, 
and cautiously note that the deviation from 1 o ‘may be accidental/ 
while Bjprneboe, Dalgaard Mikkelsen, and Raaschou ,so report that in 
3 subjects (sex unspecified) the thiosulphate/inulin clearance ratio is 
higher when the urine is alkaline than when it is acid 

In view of the general concord, the mechanism of thiosulphate excre 
tion would appear to be settled as one of pure filtration Bing and 
Effersde 1M report that in rabbits the thiosulphate/creatinine clearance 
ratio (excluding 2 anomalous tests in which the ratio was below j o) 
av eraged o 999, this ratio being independent of plasma concentration 
between 1 9 and 274 mg per cent, and of urine flow In cats, however, 
at low plasma thiosulphate concentrations (9 to 30 mg/100 cc) these 
investigators find that the thiosulphate/creatimne clearance ratio has a 
value of 1 2 to 2 5, and averages about 1 9, the ratio is depressed as the 
plasma thiosulphate concentration is increased, being about 1 3 at 100 
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mg/100 cc and approaching 1 o at 200 mg/100 cc or higher The same 
results were obtained on a rising and falling plasma thiosulphate con 
centration, and show no conspicuous relation to the absolute value of 
the creatinine clearance or urine flow The authors conclude that in cats 
thiosulphate is excreted by the renal tubules Tubular excretion also 
occurs in kittens which have had no food other than mother’s milk 877 
Eggleton and Habib 833 confirm these observations in cats, and believe 
that it is possible to demonstrate a maximal rate of tubular excretion 

Lambiotte, Blanchard, and Graff, 11 * 7 observing that thiosulphate 
clearances in pregnant women were much higher than the published data 
on mulin and mannitol, have re examined the thiosulphate/inuhn clear 
ance ratio in pregnant and non pregnant women and in dogs In pregnant 
women this ratio invariably exceeds 1 o (range 1 01 to 2 ia), the ratio 
being greater (1 25) at low (4 to 15 mg/100 cc) than at high levels 
(1 08 at 26 5 mg/100 cc and above) These investigators also demon 
strate that the ratio is depressed by carinamide to the range of o 78 to 
085 In the pregnant dog, the ratio was only slightly above 1 o (1 12) 
but after carinamide it averaged o 76 PAH at high (Tm) plasma levels 
also depresses the ratio below 1 o in both non pregnant women and dogs 
Lambiotte et al conclude that thiosulphate is both excreted and realv 
sorbed by the tubules, tubular excretion being depressed b> carinamide 
and PAH In their view, previous studies have been made at such for 
tuitous plasma concentrations as to jield an inulm or creatinine ratio 
of o g to 1 1 merely by coincidence Because the absolute v alue of the 
thiosulphate clearance is lower in non pregnant women and dogs than 
during pregnancy, they infer that tubular excretion (or reabsorption) 
is modified b) endocrine activity 

Bucht 15 * reports that after carinamide, the thiosulphate/muhn 
clearance ratio in human subjects (sex unspecified) is lowered from 
1 36 ± 029 to 081 ±011 In these experiments the plasma level of 
thiosulphate was maintained at about 18 mg/100 cc He finds that the 
clearance ratio is depressed from 1 68 at plasma levels of thiosulphate 
below 10 mg/100 cc , to o 76 at plasma levels abov e 35 mg/100 cc This 
author also believes that the excretion of thiosulphate involves both 
tubular excretion and reabsorption 

The usefulness of the thiosulphate clearance must therefore remain m 
doubt 

HEKAMETHV LEVETETRAMIN E 

The hexamethylenetetramme/creatinine clearance ratio in the dog 
averages 076 (070 to 082) at plasma concentrations ranging from 56 
to 561 mg/100 cc The hexamethjlcnetetramine/xjlose clearance ratio 
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averages 0986 After phlorizin (355 mg/hg) the hexamethjlene 
tetramme/creatmine ratio remained unchanged (0763 as compared 
with 0761), while the x>lose/creatinme ratio rose from 0764 to 0957 

It is dear that hexamethylenetetramine is reabsorbed by the tubules, 
but not b) the glucose reabsorptive mechanism Adequate data are not 
available on the effect of urine flow upon the hexamethjlenetetra 
mine/creatinine clearance ratio, but the fact that this ratio is mde 
pendent of plasma concentration over so wide a range of the latter 
suggests that the reabsorptive process is a passive rather than an active 
one It should be remembered, however, that the x} lase/creatmtne 
clearance ratio is scarcely affected beyond the experimental error by 
comparable plasma changes, and one cannot at the present time confi 
dently exclude an active process ,c ‘ 

THIOUREA AND ITS DERIVATIVES 

Thiourea, methylthiourea, phenylthiourea, and s-diethylthiourea are 
reabsorbed in the dog, apparentl> b> passive diffusion as is urea, since 
the creatinine clearance ratios all diminish with decreasing unne flow 
Thiourea is handled almost exactly like urea, the thiourea/urea dcarance 
ratio on decreasing or slowly increasing rates of unne flow averaging 
1 007 ±007 The dearances are independent of plasma concentration 
within the physiological range At normal low rates of unne flow, the 
methylthiourea clearance ratio averages about 050, the phenylthio- 
urea/urea clearance ratio o 20, and the s-diethylthiourea/urea clearance 
ratio about 003 Thiourea shows an anomalous increase in dearance 
(exaltation) when the unne flow is accelerated, as does urea, 1,10 a 
phenomenon which apparently represents solute abstracted from tubule 
cells (or interstitial fluid) when the distal unne is suddenly diluted at the 
onset of diuresis This phenomenon, however, is not shown bj the 
thiourea denvatives The authors relate the relative reabsorption of 
these compounds to their lipoid solubility (ratio of the solubilities in 
water and ether), urea and thiourea being least, and phenylthiourea 
most lipoid soluble 149153 

Thiourea is only slightly reabsorbed, apparently by diffusion, by the 
tubules of the dogfish, S acanthi as, although urea, which is actively 
reabsorbed m the Sub-dass Elasmobrandm, may have a U/P ratio as 
low as o 10 m 

SULFONAMIDES 

All the sulfonamides and all the naturally conjugated denvatives that 
have been studied are extensively bound by plasma albumin, reduc 
mg their availability for filtration To be significant, clearances and 
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clearance ratios must be corrected for this plasma binding, which 
is highly variable between species, and even in human plasma in health 
and disease * 144 - 147 474 s “ ««•*«•»»» 

Compounds with a free ammo group in th epara position of the benzene 
nng (which includes all therapeutically active sulfonamide compounds) 
are conjugated by the liver (and spleen) in the rat, cat, rabbit, and man, 
presumably largely by acetylation, as is the case with p-aminobenzoic 
acid and p-aminohippunc acid p-Ammo conjugation has never been 
demonstrated in the dog 2,37 uo ° sol5 - sou 1,01 The evidence indicates that 
conjugation does not occur in the kidney mo * oos Conjugation varies 
markedly in different rabbits, perhaps because of variations in hepatic 
blood flow By covering the reactive p-amino group, the compound is 
removed from colorimetric determination by the Bratton and Marshall 1,4 
method, so that no error is thereby introduced into the clearance deter¬ 
mination But some sulfonamides (ex sulfapyndine) are otherwise 
metabolized without conjugation in the p amino position, 1,18 and in so 
far as this occurs the Bratton and Marshall method uill measure a 
mixture of unknown nature in plasma and urine and clearances do not 
reveal how the original compound is handled by the kidney The error 
from this source is probably small, but may contribute to variability 
in clearance depending on how long the material has been in the body, 
the hepatic blood flow, and the velocity of metabolism 

In brief, it may be said that the unconjugated sulfonamide compounds 
have clearances which, corrected for plasma protein binding, are less 
than the filtration rate in dog and man, that these clearances are variable 
and slightly influenced by the rate ol urine flow, more markedly by the 
rate of electrolyte excretion and particularly the pH of the unnej and 
that both passive and active reabsorption possibly contribute to the 
clearance deficit The acetjlated compounds have clearances which, 
if corrected for plasma protein binding, frequentlj exceed the filtration 
rate and involve tubular excretion, these clearances are also variable 
and probably influenced to some extent bj the factors listed above 

In the dog, the uncorrected sulfamlamide/creatinine clearance ratio 
was shown by Marshall, Emerson, and Cutting 1401 to have a value of 
Oiotoo 30 The clearance ratio is independent of plasma concentration 

* The determination of plasma protein binding is open to large errors, and it 
is desirable to control all ultrafiltration or dialysis experiments by including 
some unbound constituent, such as creatinine, starting from concentrations 
both above and below equilibrium values where dialjsis is used The ukrafil- 
trate/plasma ratio of creatinine at equilibrium should be equal to 1.0/W, where 
IV is the per cent of protein free w ater in the plasma 
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from 5 to 50 mg/ico cc., but increases during diuresis A creatinine 
clearance ratio of 020 in dogs was obtained b> Green, Allison, and 
Moms In rabbits the clearance is 30 to 40 per cent of the creatinine 
or mulin clearance ^ 

In man, the uncorrected sulfanilamide clearance ranees from 20 to 
50 cc Loomis, Koepf, and Hubbard 1=3 obtained a mean uncor 

rected sulfamlamide/mulin clearance m 25 subjects of 0.45 The condu 
sion of Marshall el al that the sulfanilamide clearance is dependent on 
unne flow was confirmed bj Stewart, Rourke, and Allen,'’ 007 but not by 
Loomis el al m and Green, Allison, and Moms 547 The question requires 
further investigation in relation to water diuresis bj means of dearance 
ratios 

Marshall and Litchfield ,,ss report an average uncorrected sulfa 
pj ndine/creatimne dearance ratio in the dog of o 26 In mam sulfapyn 
dine has an uncorrected clearance of 11 to 42 cc in the data of Taj lor, 
Lowell, Adams, Spring, and Finland’®” Frisk 711 reported average un 
corrected creatinine clearance ratios in man as sulfanilamide o 3 to o 5, 
sulfapyndine o 2, sulfathiazole o 5, and sulfamethylthiazole 016 In a 
subsequent report 73 Fnsk records that the uncorrected sulfamethjl 
thiodiazole clearance is dose to that of creatinine, whereas the sulfa 
carbamide, sulfaguanidine, sulfathiazole, N Tl -dimethylacrj Isulfamlamide, 
sulfamethjlthiazole, sulfaethjlthiodiazole, sulfapjndme, and sulfa 
pj-nmidine clearances are less than that of creatinine Lindahl and 
josephson 131 report a% erase muhn clearance Tati os as sulfanilamide 
0.40, sulfapjndme o 22, and sulfathiazole 0^0 The sulfamethylthiodt 
azole dearance was as great and sometimes greater than the mulin or 
creatinine dearance 

Beyer, Peters, Patch, and Russo ,M report the average creatinine 
dearance ratio, corrected for plasma binding, for the four unconjucated 
sulfonamides m the dog as sulfamethiazine o 07 to o 13, sulfamerazine 
o 13 to 030, sulfadiazine 022 to 0.49, and sulfathiazole 030 to 051, 
in all instances alkalization of the unne with sodium bicarbonate in 
created these figures, the ratio in the case of sulfathiazole rising to about 
1 o, and in all instances the dearance ratio increased with unne flow 
Within a narrow range, however, the ratio was not affected by the 
plasma concentration of the sulfonamide 

Earle 561 found that the sulfamerazine/inuhn dearance ratio m man, 
corrected for plasma binding, averaged 0150, the sulfadiazme/lnuhn 
clearance ratio, also corrected, 0348 (4 subjects each) Studie* on the 
excretion of sulfamerazme over a wide range of plasma concentrations 
(2 to 43 mg/100 cc.) in the dog gave no evidence of a maximal rate of 
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reabsorption, and excretion was not modified by the infusion of casein 
hydrolysate or benzoic and But increased excretion accompanied 
augmented electrolyte excretion after the administration of sodium, 
potassium, and ammonium chlorides, during sodium sulphate diuresis, 
and during pitressin antidiuresis (when electrolyte excretion is increased), 
indicating that tubular reabsorption may be associated with sodium 
reabsorption. Earle notes that it is difficult to understand how passive 
diffusion could account for the reabsorption of as much sulfamerazine 
as is indicated by an average (corrected) clearance ratio of o 15. 

The data of Strauss, Lowell, Taylor, and Finland 2018 show uncorrected 
sulfathiazole clearances in man ranging around 50 cc. and of sulfamethyl- 
thiazole around 20 cc , while those of Reinhold, Flippin, Schwartz, and 
Domm 1891 indicate an uncorrected clearance for sulfadiazine of 12 to 
56 cc. Subsequently, Remhold, Flippin, Domm, Zimmerman, and 
Schwartz 1492 report the average corrected sulfonamide/inulin clearance 
ratio as sulfapyndme (5 subjects) 0.28 db 0.08, sulfathiazole (6 subjects) 
087 ±0.15, sulfadiazine (8 subjects) 0.31 ±011, and sulfamerazine 
(7 subjects) 0.20 ± o 07. The last figure was not significantly different 
(0.20 ± 0.06) in 4 patients with renal disease whose inulin clearances 
were between 40 and 78 cc/min. The clearance ratio of sulfathiazole 
implies that there is little tubular reabsorption of this compound in man, 
as in the dog. 818 The administration of these compounds appeared tem¬ 
porarily to reduce the urea clearance. The uncorrected clearance of 
glucose sulfapyndme is higher than that of sulfapyndme, but no clear¬ 
ance ratios are available. 2019 

Becher-Christensen and Schou 1,4 report that during sulphate diuresis 
in the rabbit the sulfathiazole clearance rises to values above the 
creatinine clearance, from which they argue that this compound is 
excreted by the tubules. 

ACETYLATED DERIVATIVES 

As in the case of the unconjugated sulfonamides, the excretion of the 
acetylated compounds is complicated by plasma protein binding. In 
general, however, from both uncorrected and corrected clearances, it 
appears that m most instances excretion involves tubular participation. 
Frisk 122 reported that the naturally conjugated sulfanilamide, sulfa- 
pyridine, sulfathiazole, and sulfamethjlthiazole had higher clearances 
(uncorrected) in man than the unconjugated compounds. He found 
this to be generally true for other compounds 721 In contradiction of 
these observations, Lindahl and Josephson 72,1 report that in man the 
conjugated derivatives of sulfanilamide, sulfapyridme, sulfathiazole, 



OTHER CLEARANCES 


214 

and sulfameth}lthiodiazole had lower clearances than the unconjugated 
compounds, confirming this b> the administration of the acetyl denva 
tives of the last two compounds 

However, Loomis et al 1 ’ 71 report that the uncorrected acetylsulfaml 
amide, mulin, and creatinine clearances in the rabbit are practically 
identical, the acetjlsulfamlamtde clearance being independent of plasma 
concentration and urine flow, and Loomis, Koepf, and Hubbard 1 *"* 
report that the uncorrected acetylsulfanilamide/inulm clearance ratio 
in 25 human subjects averaged x 03, however, the arithmetic average 
of the difference between the clearances was 20 6 cc , or nearly one half 
the mean Earle showed that the acet)lsulfamerazine/inulin clearance 
ratio in 4 subjects, uncorrected for plasma binding, averaged o 490, but 
when corrected for plasma binding this ratio averaged 2.42 (range 1 59 
to 3 ri), showing extensive tubular excretion The naturally conjugated 
derivatives, called acetyl derivatives by Remhold et al , 14r had the 
following inulin clearance ratios in man R sulfapjndine 023 ±014 
(uncorrected for plasma binding), R sulfathiazole (corrected) 2II 
rfc I 18, R sulfadiazine (corrected) 082 ± 064, R sulfamerazine (cor¬ 
rected) 1 6 to 6 4 The uncorrected creatinine clearance ratios of acetjl 
sulfamerazine, acetjlsulfamethazine, acetylsulfadiaztne, and particularly 
acetjlsulfathiazole are increased in the dog by alhalmization of the urine 
and by diuresis to values near or above 1 o 10 

An extensive study of a variety of sulfonamides with respect to plasma 
protein binding and creatinine clearance ratios has been earned out b) 
Fisher, Troast, Waterhouse, and Shannon eiS Their data afford valuable 
information on the relation of chemical structure to tubular reabsorption, 
tubular excretion, and distribution throughout the bod} fluids Those 
compounds with polar non polar configuration appear to be excreted by 
the tubules, while nan polar molecules, with few exceptions, are not 

Lundquist 1184 believed that sulfathiazole and sulfamethjlthiodiazole 
are excreted by the tubules in man, but, though his uncorrected clear 
ances are in general agreement with those reported by others, his esti 
mates of plasma binding (84 and 94 per cent, respective!}) appear to be 
in error in being too high (45 per cent 1$ the figure quoted for sulfathiazole 
by Remhold et al 1 * 9 *) Lundquist’s assertion that the gross sulfathiazole 
and sulfamethylthiodiazole clearances are markedly depressed relative 
to the inulin clearance by the intravenous administration of hippuran 
invites confirmation It may be that a multiple system of tubular excre 
tion and reabsorption may be involved in the excretion of some of these 
compounds, as appears to be the case with potassium, thiosulphate, and 
carinamide, or it may be that the acidification of the urine which occurs 
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when hippuran is administered influences sulfonamide excretion His 
observations on the excretion of p aminobenzoic acid fail to take into 
account the rapid conjugation of this compound with glycine in the 
body to form PAH, the excretion of which is depressed by other com 
pounds excreted by the tubules 

In connection with the demonstration by Beyer et al ia that alkaliniza 
tion of the urine diminishes the tubular reabsorption of several sulfon 
amides, it is of interest that sulfanilamide and other compounds inhibit 
the acidification of the urine, an effect attributable to inhibition of car 
bonic anhydrase 1011 USi 

p-AMINOBENZOIC ACID 

The p-ammobenzoic acid clearance in the dog shortly after the initial 
priming injection is less than the creatinine clearance, indicating tubular 
reabsorption (plasma binding was not studied), but on prolonged infusion 
the clearance rises to high values, indicating conjugation to p amino- 
hippunc acid, which has a physiologically maximal clearance ,M7 

p-AMIKOMANDELIC ACID 

The p-aminomandehc acid/creatinine clearance ratio m the dog averages 
I 07, the mannitol clearance ratio (using the periodate method) in 
man averages o 94 The deviations between this clearance and that of 
mannitol, especiall) in long experiments, indicate that the compound is 
slightly metabolized, as is mandehc acid, which is in part degraded in 
man to uphenylammoacetic acid, benzoylformic acid, and benzoic 
acid 1917 

SALICYLIC ACID 

Salicylic acid is conjugated in both dog and man with glycine to form 
salicyluric acid, and with gljcuronic acid Salic)he acid itself is hea\il) 
bound b> plasma proteins The mixed excretion of conjugated and un 
conjugated acid is a function of urine pH, the clearance having a low 
value in acid urine (5 to 10 cc/min ), increasing at pH 6 o to approach 
the thiosulphate clearance at pH 7 o The proportion of unconjugated 
acid in the urine increases from some 15 per cent at pH values below 6 o 
to 40 per cent at pH 7 5 Apparently the excretion of unconjugated acid 
does not exceed the filtration rate below pH 7 3, indicating tubular 
reabsorption, while at pH \alues abo\e 7 3 there is evidence of tubular 
excretion Administration of bicarbonate docs not effect plasma bind 
, n gmnu ] t seems probable that conjugated sahcjlic acid products, and 
particularly sahcjlurtc acid, are excreted by the tubules, as in the case 
of htppunc acid, etc , and that the effect of bicarbonate is on the reab- 
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sorption of unconjugated salicylic acid Unconjugated sahcjlic acid 
appears to have a clearance about equal to that of urea in man 
p-Aminosalicj he acid is similar!) conjugated,* 151 and it is highl) 
probable that this compound and p aminosahc>lunc acid would be 
excreted like salic> lie and salic> lunc acid, the high mulin clearance ratios 
reported in man 1034 remaining ambiguous until differentiation between 
the compounds is made 


STREPTOM V CIN 

Streptom) cm, an antibiotic obtained from Actmomy ces gnseus, has been 
shown b) Adcock and Hettig 1 and Marshall 1,57 to have a clearance 
(30 to 80 cc ) below that to be expected b) filtration Plasma protein 
binding was not examined 

B> the single injection method, Boxer, Jehnek, and Edison 230 obtained 
a streptomycin clearance in the dog averaging 69 5 8 4 per sq m , 

in man 69 5 ± 13 7 cc per I 73 sq m The clearance was independent 
of urine flow and plasma level The streptom) cm/thiosulphate clearance 
ratio in the dog averaged 070 The authors demonstrate that about 30 
per cent of the drug is bound to plasma protein and conclude that, 
when the data are corrected for this factor, streptomycin is excreted 
solely b) filtration without tubular reabsorption 

BACITRACIN 

The antibiotic, bacitraan, dem ed from B subtilts Trie), had a clearance 
in 9 normal subjects between 105 and 283 cc (average 159) In 8 rabbits 
the clearance v aned from 2 to 7 cc (average 41) Although these figures 
are close to established filtration rates, the bacitracin/thiosulphate 
clearance ratio varied from o 52 to 1 83 (average 1 1) in 8 subjects, 
possibl) because of technical errors or impurities 

Bacitracin has proved to have, or to contain an impurity which has, 
a nephrotoxic action Michie, Zintel, Ma, Ravdin, and Ragm 1444 have 
shown that the repeated administration of therapeutic do^es produces 
moderate to severe renal damage, as indicated b) variable albuminuria 
and a reduction m filtration rate, Epaii, PAH clearance, Tmp\u, and 
phosphate Tm The effects appear to be largel) reversible Immediate 
detrimental action following single doses was not clearl) demonstrable 
Miller, McDonald, and Shock 14SJ found in 12 subjects who received 1500 
units of bacitracin per kg on two successive days that 24 to 48 hr 
later (at the time of maximal proteinuria) Tmp^n was decreased b) ij 
to 85 per cent (average 39 per cent), while Tiug was decreased bv 
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20 to 76 per cent (avenge 52 per cent) Both values returned graduallj 
over a period of 3 to 8 weeks to 88 per cent or more of the control values 
in 10 of 12 subjects In the other 2, TmpAn was still depressed b> 25 
per cent it 8 weeks The filtration rite and PAH clearance were depressed 
by an average of 32 ind 24 per cent, respectively, and tended to recover 
more rapidly than did the Tm values 

cinchosinic acid 

Cinchommc acid and some of its derivatives are of particular interest 
because of their capacity to inhibit the excretion of phenol red by the 
tubules of frog kidney slices in vitro m 3 Hydroxj 2 methyl, 3 hydroxj- 
2 phenyl, and 6 methoxj ctnchoninic acid are more active than carin 
amide in this respect, while the 2phen>l derivative (cinchophen) is 
about equall) active with cannamide These compounds are metabolized, 
and it is not clear whether or not the components involved in tubular 
excretion include conjugated derivatives (Marshall, pers com ) 

CITRIC ACID 

The Citric acid/creatimne clearance ratio was less than o 03 in 5 dogs, 
o 12 in a sixth In some instances the oral administration of citric acid 
(6 to 10 gm ) increased this clearance ratio, in other instances it had 
no effect In every instance tried, sodium and potassium bicarbonate 
increased the clearance ratio, with or without an increase in plasma 
citrate concentration Regardless of the procedure, when the plasma 
citrate increased significantlj, tubular reabsorption increased, when 
plasma citrate was not increased, tubular reabsorption remained the 
same or decreased *** 

ORGANIC BASES 

The excretion of nicotine ph.,' = 8 07),*’” quinine (pK a ' = 8 3),*” 
quinacnne (pK a ' = 7 67), chloroquine (pk a ' = 8 06), and santo- 
qmne UM is increased jn acid unne, decreased w alkabne urine The 
reasonable interpretation is that in alkaline urine a sufficient quantity 
of free base is present to permit extensive back diffusion * 

CHORIONIC GONATROPHIN 

Chorionic gonatrophm in 4 pregnant women had a renal clearance aver¬ 
aging o 38 cc (tr less than o 20) with no significant deviation in the first, 

* If the principle is accepted it maj also be applicable to the excretion of 
ammonia. 
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second, or third trimester. This clearance in a woman with a degenerating 
remnant of a hydatidiform mole was 0.22 and 0.42 cc. preoperatively 
and 0.32 on the first day postoperatively; the hormone had disappeared 
from the urine by the second postoperative day. A single clearance 
determination in a man with a mixed adenocarcinoma and chorioma of 
the testes gave the figure of 0.23 cc. 7<7 



CHAPTER VIII 


Excretion of 'Protein 


Protein is normally absent from the urine in most mammals, or 
present in only faint traces, and the presence of proteinuria is in 
general indicative of renal disease. In normal subjects, protein 
excretion does not exceed io mg/day, n but in renal disease this 
figure may amount to 10 to 50 gm/day. The mechanism of ex¬ 
cretion of protein therefore presents many interesting problems. 

In their micropuncture studies of the composition of the glo¬ 
merular filtrate in the frog and Necturns, Wearn and Richards 5,51 
emphasized that their analytical method could not detect con¬ 
centrations of protein much less than 1 per cent of the concentra¬ 
tion in the plasma. Walker, Bott, Oliver, and MacDow ell 81,1 
failed to find protein in the glomerular fluid or proximal tubular 
urine of the rat and guinea pig in 25 out of 41 specimens; the cir¬ 
cumstances were such that 8 of these would have been positive 
had they contained 30 mg., and 17 had they contained 80 mg/100 
cc. Sixteen specimens gave positive tests, 14 contained Jess than 
200 mg. and 9 less than 80 mg/100 cc. The results confirm the be¬ 
lief that the normal glomerular fluid contains very small amounts 
of protein, though slight mechanical trauma to the glomerular 
capillaries, far short of actual rupture, may render them gross!) 
permeable. 
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EXCRETION OF PROTEIN 


Any inference that the glomerular filtrate is absolutely protein- 
free js unwarranted. At a filtration rate of 130 cc/min., the ex¬ 
cretion of 56 gm. of protein per day would require no more than 
30 mg/ioocc. of protein in the glomerular filtrate if none were re¬ 
absorbed by the tubules. The excretion of urinary protein in 
glomerulonephritis and nephrosis is rarely greater than this figure, 
and the important question arises whether albuminuria represents 
increased glomerular permeability or decreased reabsorption.* 
Addis 14 ,s long defended the view that proteinuria reflects in some 
measure a decrease in the normal reabsorption by the tubules. If 
tubular reabsorption is accepted, attention must be given to the 
mechanism by which this protein is disposed of in the tubule cell, 
and the consequences of protein reabsorption on other tubular 
functions. 

All other evidence indicating that the glomerular membranes 
act as a simple filter, it must be supposed that their permeability 
to protein will be conditioned in the first instance by the molec¬ 
ular size of the latter. This problem is complicated by the cir¬ 
cumstance that all methods for the determination of the molec¬ 
ular weights of proteins yield only a statistical mean figure and 
afford no information on the spontaneous dissociation or ac¬ 
cidental fragmentation of the protein into components smaller 
than the mean. The possible presence of a small fraction of such 
small molecules complicates all studies of protein excretion. 

ATHROCVTOSIS 

Numerous studies in a variety of species have demonstrated that 
the basal membrane of the proximal tubule cells is impermeable 
to negatively charged colloids of large molecular weight. But when 
such colloids gain entrance to the lumen through the open neph- 
rostomes of nephrostomatous tubules in the Urodeles, or by in- 
traglomerular injection, they are taken up by the cells of the 
proximal tubule and accumulate in visible granules. 490 ,K -* 40 »!«■*»« 
This absorption of colloids and their concentration and retention 
in granular form in the apical pole of the proximal tubule is com¬ 
monly known as athrocytosis (athro — gather; cytosts — cell), a 
term, according to Lison, 12 ’ 1 which was first used by Burian and 

* A history of all aspects of protemuna is gi\ en b> Jens Bing Ir 
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resurrected after a period of disuse by Gerard and Cordier. 78 "- 7 * 3 
The subject has been well reviewed by Rather in the Festschrift 
for Thomas Addts. lw 

It has been said that the absorption of particulate material 
(melanin and cinnabar), as observed in the nephrostomatous kid¬ 
ney, is effected by a process of phagocytosis. Lewis, 11 ” 113S how¬ 
ever, has photographed by retarded cinematography the activity 
of macrophages, monocytes, and epitheloid cells, and the photo¬ 
graphs dramatically reveal that these cells, and particularly 
macrophages, undergo continuous changes in form which involve 
the formation of broad, wavy, veil-like membranous pseudopodia 
in the manner of a series of folds which are continuously in mo¬ 
tion. In this motion they engulf droplets of fluid between the 
folds, the folds then fusing and completely enclosing the droplet. 
The globule thus formed is at first irregular in outline, probably 
because of the mechanical tensions of the engulfing folds, but it 
soon becomes spherical as it moves into the cell and the mechanical 
tensions are released. The globules move toward the center of the 
cell, sometimes fusing with other globules, but ultimately dimin¬ 
ishing in size as water is absorbed into the cytoplasm and pre¬ 
sumably excreted by the cell, while any particulate contents re¬ 
main as cytoplasmic inclusions. Lewis has called this process of 
mechanically engulfing fluid ‘pinocytosis’ {pino = drink; cytosis 
= cell). The time required to engulf a droplet of fluid is only a few 
seconds and for the resulting globule to disappear only a few min¬ 
utes, and a cell may drink several times its volume in 24 hr. Pino¬ 
cytosis has also been demonstrated in tn vitro cultures of sarcoma 
and carcinoma cells and in normal fibroblasts. 

According to Lewis, Meltzer, in 1904, suggested that ‘all cells 
might he endowed with the submicroscopic act of “sipping” the 
adjacent fluid, which might indeed be a subsidiary or even an es¬ 
sential factor in the process of nutrition of all cells.’ He suggested 
that this hypothetical microscopic drinking be called ‘potocytosis* 

(polo — drink; cytosis — cell), but the term has never come into 
use. Lewis points out that since ruffle pseudopodia take in fluid 
globules down to the limits of visibility, they may also take in 
submicroscopic ones. 

No evidence of a process similar to pinocytosis is recorded in 
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the renal tubules. Nevertheless, the brush border of the proximal 
tubule is relatively unique. A similar cytologica! structure occurs 
in the placenta, the choroid plexus of some mammalian species, 
and the yolk sac of the Agouti. With regard to the placenta, 
Wislocki and Bennett 1150 report that the outer surface of the 
syncytium exhibits a variable structure ranging from a brush-like 
border to one consisting of irregular streamers of cytoplasm. This 
variability they regard as normal and as attributable to instability 
and plasticity of the surface, by virtue of which its cytoplasm can 
flow and stream and hence assume various appearances. These 
variable manifestations bespeak an active transfer of fluid and 
metabolites across the surface of the trophoblast. Wislocki and 
Streeter 1111 interpret a variety of vacuoles in the syncytium as 
resulting from the pinocytosis of fluid from the intervillous space. 
It is therefore conceivable that the brush border of the proximal 
tubule participates in pinocytosis (or potocytosis), whereby col¬ 
loids too large to be absorbed by membrane transfer may gain ac¬ 
cess to the cell. Lambert im u, ‘ has shown that trypan blue and 
India ink, the last definitely a particulate colloid, were absorbed 
into the proximal tubule cells in man after injection into a poly¬ 
cystic kidney during life. The trypan blue was taken up in the 
early part of the proximal tubule, the India ink more distaily in 
this segment. If pinocytosis occurs in the human kidney, it raises 
a question about the disposal of inulin, creatinine, etc., which 
must also be simultaneously pinocytized, though the quantity of 
fluid thus taken in is probably very small. 

In any case, the ‘permeability’ to colloids is at a minimum in 
the first portion of the proximal tubule and increases progressively 
distaily. The larger the colloid the lower down the segment is it 
absorbed. Refractory colloids are generally stored in the tubule 
cells, although digestible proteins are ultimately disposed of. 

Histological evidence involving the use of dyed proteins,* the 
presence of vacuoles, or the demonstration of iron pigments within 
the cells has demonstrated the absorption of a variety of proteins 
(hemoglobin, horse and dog serum albumin, egg albumin, gelatin, 
casein, peptone) by the proximal tubule in several species. Gran- 

•Such dyed proteins are usually made by coupling with 2-naphthol-3:6 di- 
sulphomc acid to give a red compound. 
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ules and hyalin deposits within the tubule cells associated with 
proteinuria (‘cloudy swelling’) are believed to represent products 
of such absorption. It is of interest that, despite prolonged hemo- 
globinemia, neither hemoglobin nor hemosiderin is taken up by 
the Kupffer cells in the liver, by the femoral marrow, or by the 
spleen s * 4 . 99 * 0 ' 4 *"* 1 ** 4 * 1909 iso» 

Oliver **“ has given an excellent description of the cytological 
changes in the proximal tubules of the rat during the reabsorption 
of egg albumin, hemoglobin, and dyed proteins. The reabsorptive 
process is limited to the proximal tubule and is most intense in the 
middle third of this segment. During the reabsorption process, 
droplets appear in the cytoplasm which can be identified as con¬ 
taining the protein involved. Concomitantly, the mitochondrial 
rods, as revealed by Janus green, disappear in the region of protein 
absorption, though they remain unchanged in other parts of the 
tubule. In the active region, the droplets now become Janus green 
positive. Egg white is itself not Janus green positive, and Oliver 
concludes that the droplets consist of egg white with an admixture 
of mitochondrial material. Damaged or immature cells do not 
show these cellular reactions. Hemoglobin droplets disappear 
fairly rapidly from the cells, while egg-white droplets require some 
weeks for their dissipation. A similar phenomenon occurs during 
the reabsorption of amino acids and, in the frog, during the ex¬ 
cretion of neutrai red. If renal cells are lacking mitochondrial sub¬ 
stance, as regenerated cells are, no absorption by droplets occurs. 

Oliver liii and Rather 1,15 in the Festschrift for Thomas Addis 
accept Randerath’s 1,74 interpretation that the brilliant eosino¬ 
philic or fuchsinophilic hyalin droplets seen in the proximal 
epithelium in certain types of glomerulonephritis and in associa¬ 
tion with proteinuria, however produced, represent plasma pro¬ 
teins which are undergoing tubular reabsorption. As Oliver says, 
such droplets may be taken as evidence of vitality rather than of 
injur}* of the renal epithelium. Their presence may, however, be 
indicative of increased glomerular permeability as Randerath 
suggested. Rather emphasizes, however, that proteinuria is not 
accompanied by extensive hyalin droplet formation in rats in¬ 
jected with bovine albumin (where vacuolation of the proximal 
cells is an important feature), indicating that factors other than 
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an increase in the amount of protein in the tubular unne are m 
volved 

No convincing evidence has ever been adduced for the excre¬ 
tion of protein by the renal tubules Bieter m found that egg 
albumin and homologous hemoglobin, 'which are excreted in the 
urine of glomerular fishes after intravenous injection, are not 
excreted by the aglomerular toadfish, nor will mercury bichloride 
produce albuminuria in the latter, as it does in glomerular kidney s 
Dock s ’ 4 has shown that, when the rabbit kidney is perfused 
with ice cold serum, a technique first used by Bickford and 
Winton 1,1 and which presumably reduces tubular activity to a 
minimum without changing glomerular permeability, the urine, 
which approaches the glomerular filtrate in composition, contains 
from 15 to 22 mg/100 cc of protein They believe that this repre 
sents protein that is normally filtered and reabsorbed 

Fat deposition in normal tubules shows marked species differ 
ences This intracellular fat does not represent material reabsorbed 
from the tubular urine but is an accumulation resulting from local 
metabolic activity ,sso 

Ekehorn 4 ” found small quantities of protein in the capsular 
fluid of the frog, and suggested that a small quantity of protein 
was normally filtered and reabsorbed by the tubules, a suggestion 
which received support from the demonstration of hemoglobin in 
the proximal tubule cells during hemoglobinuria 14,8 

After injecting protein intravenously in cats and rabbits, or 
adding it to defibrmated blood during the perfusion of the isolated 
dog kidney, Bayliss, Kerndge, and Russell 104 found some ex¬ 
cretion of hemoglobin (mol wt 68,000), egg albumin (35,000), 
Bence Jones protein (35,000), and gelatin (35,000), while serum 
albumin (72,000), serum globulin (170,000), casein (200,000), 
edestin (200,000), and hemocyanin (5,000,000) were not excreted 
Fixed sections of isolated kidneys that had been perfused with egg 
albumin for 30 min showed a deposit of protein in the capsular 
space as well as m the lumen of the tubules, indicating that the 
protein had escaped through the glomeruli 
Bott and Richards analyzed the glomerular fluid after the 
injection of a variety of proteins into frogs and found that, al 
though the glomerular membranes were partially permeable to 
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proteins of the 35,200 molecular weight group, differences existed 
in respect to permeability toward various proteins A purified 
protein derivative of tuberculin (mol wt 14,500) was filtered 
more completely than the proteins mentioned above The authors 
concluded that most of the glomerular membranes permit the 
passage of particles of c 50 A Although permeability of the mem 
brane appears to be grossly related to particle size it is possible 
that other factors influence the relative permeahiht} toward par 
tides of approximately the same size 

Hemoglobin 

When purified homologous hemoglobin is injected intravenously, 
no hemoglobinuria occurs in dogs until a plasma concentration of 
some 100 mg/100 cc is exceeded, above this level excretion (UV) 
increases in proportion to P Lichty, Havill, and W hippie 140 
first suggested that some hemoglobin normally passes the glo¬ 
merular membranes and is reabsorbed by the tubules hemo¬ 
globinuria occurring onl> when the tubule cells become saturated 
Monhe and 1 utle Im subsequently showed that above the thresh 
old, the hemoglobin/creatmine clearance ratio has a value rang 
ing from 0016 to 004, averaging 0029, le the mean rate of 
filtration of hemoglobin is about 3 per cent of the filtration rate 
By reference to their own and previous data, they conclude that 
the absence of hemoglobinuria at plasma concentrations below the 
critical value inducing frank, excretion is attributable to tubular 
reabsorption b> athrocytosis The) attribute to this process a 
maximal rate which may be designated for discussion as hemo¬ 
globin Tm, analogous to glucose Tm, etc In this view the ‘thresh 
old is the value of P where CfP = Tm and P will vary with Cf 
A n average value of the athrocy totic activity in a medium sized 
dog is 2 mg/min , or 2 88 gm/day 
The uniformity of the hemoglobin/creatinine clearance ratio 
indicates that hemoglobinuria is not the result of transient glo¬ 
merular injury induced by injection of hemoglobin, as w as argued 
in the case of albumin by Babcock, 70 against the argument of 
glomerular injury, Monhe and luile oppose the functional and 
histologic evidence of De Gowm, Osterhagen, and Andcrsch 4,1 
and of W hippie and his cow orkers ' 10 ,IW Monke and \ uilc explain 
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the low filtration rate of hemoglobin by assuming that only 3 per 
cent of the ‘pores’ in the glomerular membrane are large enough to 
permit the passage of hemoglobin molecules, and consequently 
the glomerular filtrate carries with it only 3 per cent of the hemo¬ 
globin in the plasma. However, the alternative, that 3 per cent of 
the hemoglobin in the plasma may be dissociated into molecules 
of a molecular weight of 17,200 (or 34,400) which readily pass 
through the glomerular membrane, is not excluded by any avail¬ 
able evidence, and, from opinions given to the writer by protein 
chemists, is wholly plausible. 

A considerable fraction of the hemoglobin iron retained in the 
body accumulates temporarily in the kidneys, where it presumably 
represents hemoglobin derivatives (hemosiderin, etc.) formed as 
the tubule cells rework the protein and make the iron again avail¬ 
able for hematopoiesis. 

The repeated injection of hemoglobin in dogs leads to a decrease 
in the plasma concentration at which hemoglobinuria occurs, in¬ 
dicative of a reduction in the maximal rate of tubular reabsorp¬ 
tion. However, in such repeatedly injected dogs, hemoglobin 
tagged with radioactive iron is retained in the body to a greater 
extent than in normal dogs, and Yuile, Steinman, Hahn, and 
Clark tentatively suggest that, after repeated injection, hemo¬ 
globin is less rapidly reworked by or removed from the tubule 
cells. However, a change in permeability of the glomerular mem¬ 
branes is not excluded and final explanation of the phenomenon 
must await further studies. 

Lippman II4S reports that the hemoglobin/inulin clearance ratio 
in rats is roughly 0.04, corresponding with the ratio 0.03 and the 
threshold concentration of 100 mg/100 cc. in dogs obtained by 
Yude and his coworkers. Eighteen hours after the second of two 
intraperitoneal injections of 6 per cent botdne albumin-saline 
solution, the ‘threshold* is lowered to less than 25 mg/100 cc. and 
the slope of the line AUV: AP is increased twofold, from which he 
suggests that albumin both saturates the protein reabsorption 
mechanism and increases glomerular permeability to the hemo¬ 
globin. 

The earlier conclusions from studies on experimental hemo¬ 
globinuria in man by Ottenberg and Fox ,s, ° are not wholly rec- 
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oncilable with these studies on dogs and rats. Ottenberg and Fox 
found the renal threshold to be very variable in terms of plasma 
concentration, but no measurements of filtration rate were made 
and urines were presumably collected by spontaneous voiding, 
under which conditions bladder and renal dead space errors as 
well as arterial-venous differences must have complicated the re¬ 
sults. 

Gilligan, Altschule, and Katersky 771 administered up to 16.4 
gm. of stroma-free hemoglobin solution to normal subjects, and 
observed hemoglobinuria in all in whom the plasma hemoglobin 
concentration exceeded 135 mg/100 cc. Once hemoglobinuria be¬ 
gan, it persisted until the plasma level had decreased to 30 to 50 
mg/100 cc. Small amounts of hemoglobin were excreted in the 
urine of patients with pre-existing proteinuria when the plasma 
level was elevated to only 40 to 50 mg/100 cc. Hemoglobinuria in 
normal subjects was accompanied by the excretion of protein 
other than hemoglobin, and proteinuria usually persisted for about 
an hour longer than hemoglobinuria. The authors believe that this 
proteinuria indicates a temporary increase in glomerular perme¬ 
ability, but blockade of normal protein reabsorption by hemo¬ 
globin was not considered. That hemoglobin (as well as methemo- 
globin, myohemoglobin, and metamyohemoglobin) is not toxic in 
normal animals with a normal filtration rate is well established 
(see ch. xxiv). 

PLASMA PROTEINS 

Terry, Hawkins, Church, and Whipple *•** have shown that when 
dog plasma is administered daily to dogs the plasma protein con¬ 
centration rises and, at concentrations of 9.6 to 10.4 gm/100 cc., 
protein begins to be excreted in the urine. An interval of 4 to 26 
days intervenes between the start of plasma protein injections 
and the appearance of proteinuria, larger doses reducing this in¬ 
terval. Repeated experiments in the same dog show that the 
critical plasma concentration leading to excretion is relatively 
constant. The proteinuria is physiological, in that it disappears at 
once when the plasma protein concentration is allowed to fall, and 
the kidneys show no microscopic damage. The total protein ex¬ 
cretion may amount to 7 to 26 per cent of the protein injected. 
The urinary protein is composed chiefly of albumin (60 to 75 per 
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cent) but contains some beta and gamma globulin, alpha-1 and 
alpha-2 globulin being present only in traces. The authors be¬ 
lieve that their data establish a renal threshold for plasma pro¬ 
teins, which by implication may be likened to the filtration-re- 
absorption mechanism for hemoglobin. Similarly, Waterhouse and 
Holler 21,3 find that protein excretion is linearly related to plasma 
level in normal subjects when this level is increased by the in¬ 
jection of homologous albumin, and they accept as the most prob¬ 
able explanation normal filtration and limited tubular reabsorp¬ 
tion. 

When Evans blue is injected into rats, in which species there 
are usually traces of protein in the urine, some proximal tubule 
cells show the Evans blue protein complex undergoing absorption, 
indicative of normal tubular reabsorption.** 17SS Parenteral in¬ 
jection of egg albumin in the rat produces proteinuria composed 
of egg albumin, with no appreciable excretion of rat serum pro¬ 
tein. But, after injection of bovine albumin, large quantities of 
rat serum protein are excreted in addition to bovine albumin. 12 " 

The urinary protein ordinarily observed in the proteinuria of 
renal disease consists of a mixture of albumin and globulin, iden¬ 
tical in their individual properties with those of plasma, ,2n , **® 
but differing markedly though variably in the relative proportions 
of albumin and globulin present. 

MYOHEMOGLOBIN 

Mjohemoglobin has a molecular weight of 17,500, as compared with 
68,800 for hemoglobin M> ohemoglobm is excreted by the dog at much 
lower plasma concentrations (15 to 20 mg/100 cc.) than is hemoglobin, 
and Yuile and Clark ~ st have found that the maximum myohemo- 
globtn/creatinine clearance ratio in the dog averages o 58 as compared 
vv ith o 023 for hemoglobin Assuming a constant, maximal rate of tubular 
reabsorption, the data indicate that about 75 per cent of the myohemo- 
globin in the plasma passes into the glomerular filtrate, some 25 times 
as much as in the case of hemoglobin. 

GELATIN 

With reference to their use as blood substitutes, Hoffman and K020II lKt 
studied the excretion of heavj, intermediate, and light t>pes of gelatin 
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(average molecular weights 58,000,47,000, and 37,000 respective!}) after 
mtiavenous administration in man Excretion was markedl) variable 
even with the same lot, but a general pattern was discernible, the rate 
of excretion increasing from the heavy to the light t) pe By 72 hr , some 
80 per cent of all types was excreted The gelatin clearances decreased 
during the first 6 hr after injection, presumably because of the more 
rapid excretion of smaller molecules In the interval 4 to 6 hr after 
injection, the gelatin/endogenous creatinine chromogen clearance ratio 
averaged 00278 =fc 00125 for the heav> t>pe, 00301 ± 00099 f° r the 
intermediate, and oo393 ±ooii 8 for the light, the difference being 
more marked immediately after injection (In v lew of the wide dispersion 
in molecular weight, it would be hazardous to identify these clearance 
ratios with average molecular weight figures ) 

The gelatin solutions did not cause diuresis, and a concentration in the 
urine of 15 gm/100 cc was encountered, which could increase the vis 
cosity enough to interfere with renal function Plasma volume deter 
minations showed the well-established hemodilution effect of gelatin 
These solutions of gelatin were autoclaved, which is perhaps signifi 
cant, since Bndger and his coworkers ,M report that, in dogs, autoclaved 
gelatin saline solutions produce no greater urine flow than the same 
volume of saline, whereas unautoclaved gelatin is diuretic, the excess 
urine flow being 169 per cent of the volume injected 

ACACIA 

Goudsmit, Power, and Bollman *** compared the effects in dogs of the 
constant intravenous infusion of 5 per cent glucose with a mixture of 
5 per cent glucose plus 10 per cent salt free acacia During the infusion 
of the glucose acacia mixture, the creatinine clearance remained un 
changed (despite a probable large increase in plasma volume), the urea 
clearance fluctuated in relation to changes m urine flow, water excretion 
decreased as the solution of acacia was being infused but tended to return 
to its previous lev els later in the experiments (posstbl) because of excita 
tion of ADH secretion), the plasma concentration of chloride decreased, 
obviousl) largel) because of the increased plasma volume, while the 
excretion of chloride consistent!) increased No information is available 
on the renal clearance of acacia, but that this is verj small is indicated 
b) the persistence of acacia in the plasma for prolonged periods Acacia 
as a blood substitute has been abandoned in clinical use because of ad 
verse effects upon the liver 
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OTHER PROTEINS 

Heparin is excreted in the urine of anesthetized dogs after the intra¬ 
venous administration of 200 units/kg. of body weight. 451 Piper UI * 
reports that the heparin clearance in rabbits is substantially less than 
the creatinine clearance. From ultrafiltration studies he finds that 
considerable heparin is either protein bound or too large to pass through 
collodion membranes, and he infers that excretion involves tubular 
participation. The tubular excretion of a protein-hke substance is un¬ 
precedented, and the difficulties of determining the true filtrable fraction 
in such a case renders this inference suspect. 

Insulin is not a normal constituent of rabbit’s urine, but an insulin- 
like substance is excreted after the intravenous administration of this 
hormone.* 47 

A protein with the chemical characteristics of a nucleoprotem is 
normally excreted in large amounts by male mice, females excreting 
much less and frequently none at all.**** Under uniform conditions there 
is a fairly constant excretion of protein in the rat, which increases on a 
high protein diet. 11 -* 1 ' 140 

Virulent tubercle bacilli may be excreted by the normal kidney of 
the guinea pig, 15,0 and Leptospira icterohemorrhagsca have been recovered 
from the urine of patients with Wei’s disease® 11 Both circumstances 
probably represent gross invasion of the glomerular membranes. 



The Reliability of Intilin as a Measure 
of Glomerular Filtration 


It is convenient at this point to bring together the evidence jus¬ 
tifying the use of inulin for the measurement of glomerular filtra¬ 
tion. It is clear that since the absolute filtration rate in any one 
nephron, or in any collection of nephrons, cannot be measured 
directly, this evidence must consist of a comparison of simul¬ 
taneous clearances of various substances under a variety of con¬ 
ditions, supplemented as far as possible in different species. 

We may start by stating certain specifications that a substance, 
X, suitable for measuring glomerular filtration, must fulfil: 

1. To be completely filtrable through the glomeruli, X must be 
completely filtrable from plasma through artificial membranes 
impermeable to plasma proteins but permeable to smaller mole¬ 
cules. 

il. As presumptive evidence against tubular excretion, X should 
not be excreted by the aglomerular fish kidney. 

hi. a. The rate of excretion (UxV) of X must increase over 
wide limits in simple, direct proportion to the plasma concentra¬ 
tion (Px); i.e. the clearance, UxV/Px, must be independent of 
plasma concentration. Although not without the possibility of ex¬ 
ceptions (note xylose, galactose, and urea) this circumstance in 
large measure excludes the probability of tubular excretion or re¬ 
absorption, both of which processes are limited by maximal rates 
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of tubular transfer which tend to destroy the relation, U X V - P x . 

b. Where 111. a cannot be demonstrated because of inconstancy 
of the filtration rate itself, it is of equal force to show that the 
clearance of X is constant, relative to the clearance of some in¬ 
different substance, at various plasma levels of X. 

iv. Where the simultaneous clearances of X and one or more 
other substances are identical under a wide variety of conditions 
(plasma concentration, urine flow, etc.), this may be taken as 
evidence that both substances are excreted without the specific 
limitations inherent in tubular reabsorption or excretion. 

v. Where one substance. A, is believed on independent evidence 
to be reabsorbed by the tubules, or another substance, B, is be¬ 
lieved to be excreted by the tubules, the clearances of A and B 
should, if they are completely filtrable from plasma, approach the 
clearance of X as a limiting asymptote when the plasma con¬ 
centrations of A or B, respectively, are raised to high values. If 
A or B is not completely filtrable, the asymptote should be FWCx, 
where FW is the percentage of A or B filtrable from the plasma at 
high plasma concentrations. 

vi. a. After adequate doses of phlorizin, the excretion of glu¬ 
cose increases in simple proportion to the concentration of glucose 
in the plasma, a circumstance warranting the conclusion that 
phlorizin in adequate doses completely blocks reabsorption by the 
tubules. In this view, the clearance of X in the phlorizinized ani¬ 
mal should be equal to the glucose clearance. (This does not pre¬ 
clude the possibility that phlorizin may block the tubular ex¬ 
cretion or reabsorption of X itself.) 

b. Independent evidence indicates that phlorizin blocks the 
tubular excretion of many substances. Assuming that, after ade¬ 
quate doses of phlorizin, tubular excretion is completely blocked, 
then m the phlorizinized animal the clearance of such a substance 
should be reduced to that of X, or to CxFW if the substance is 
not completely filtrable. 

vii. Where two substances compete for a common mechanism 
of tubular reabsorption or excretion, saturation of the tubular 
mechanism by the stronger should cause the clearance of the 
weaker to approach the clearance of X or to approach CxFW if 
the obstructed substance is not completely filtrable. 
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The following paragraphs detail the behavior of inulin m the 
foregoing respects: 

1. Inulin is not bound by plasma proteins.* 77 1888 

2. Inulin is not excreted by the aglomerular kidney of the toad- 
fish, m<um goosefish, 1 * 4 * or batfish; 1 * 3 * in the last instance the 
urine was shown to contain less than 5 mg./ioo cc. when the 
plasma had contained some 1600 mg./ioo cc. for many hours. 

3. a. The rate of excretion of inulin, t/V, is proportional to P 
in the dog between 53 and 565 mg./ioo cc., 154 * and in man between 
50 and 400 mg. per cent 1S ** and between 5 and 90 mg./ioo cc.' 44 ® 

b. The creatinine/inulin clearance ratio (1.0) is independent 
of the plasma level of inulin in the dog. 1710 - 1 * 4 * 

4. a. The simultaneous inulin and creatinine clearances are 
identical in the frog (0.996 ± 0.064), 874 turtle, 8,8 dog (0.99 ± 
o*Q3)> IT * # 17,1 ““ ,m i0 ” rabbit (0.99 ± o.04), u '° sheep (1.03), ,,il 
and seal (0.98). 1 *” In the dog the creatinine clearance is independ¬ 
ent of the plasma creatinine concentration over wide ranges, 184 * 
and this is true of the creatinine/inulin clearance ratio in the 
rabbit 10,0 and frog. 874 (This identity does not obtain in the dog¬ 
fish, teleost, chicken, ape, or man; in all except the ape, inde¬ 
pendent evidence for the tubular excretion of creatinine has been 
adduced.) 

b. The simultaneous inulin and ferrocyanide clearances are 
identical in the dog. ,0 ® , (Lack of identity between these clearances 
in man is attributed to tubular rcabsorptton of ferrocyanide, 14,1 
but this point has been questioned in chapter vn.) 

The simultaneous inulin and allantoin clearances are identical 
in man, 710 and the allantoin and inulin clearances are identical in 
the dog and rat. 707 

The sorbitol, mannitol, dulcitol, and sorbitan clearances were 
said to be identical, within the limit of experimental error, with 
the simultaneous creatinine and inulin clearances in the dog, and 
with the simultaneous inulin clearance in man, 1 * 4 * the hexitols 
being determined by yeasting and periodate oxidation. When the 
chromotropic acid method is used for the analysis of mannitol, 
the mannitol/crcatinine clearance ratio in the dog and the man. 
nitol/inulin clearance ratio in man average about 0.90. The iden¬ 
tity of these clearances may therefore be held to be open to ques- 
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tion until analytical difficulties are resolved (see mannitol, ch. 
vn). 

(The thiosulphate clearance has been reported to be identical 
with the creatinine clearance in the dog 7 ” and the inulin clear¬ 
ance in man, 1 * 14 an apparent identity that has been confirmed by 
several investigators. However, in normal cats and in pregnant 
dogs and women, and after the administration of carinamide, this 
identity is not maintained, and the significance of the identity 
under other conditions is open to question.) 

5. a. Tubular excretion. Elevation of the plasma level of vari¬ 
ous solutes believed on independent evidence to be excreted by 
the tubules depresses the inulin (or, in the dog, creatinine) clear¬ 
ance ratio with respect to these solutes toward 1.0 where the solute 
is wholly ultrafiltrable or toward C X FYV where the solute is bound 
to plasma protein: creatinine: dogfish, 1848 teleost, 1 ” 4 chicken, 1 ”* 
and chimpanzee; 1988 creatine: dogfish 1919 and grouper; 1MS phenol 
red: dogfish, 194 * dog, 1 * 47 and man; 888 1918 uric acid: chicken; 1859 
iopax and neotopax: man; 1949 diodrast and hippuran; ,M * p-amitto- 
hippuric acid. xn 

b. Tubular reabsorption. Elevation of the plasma level of vari¬ 
ous solutes believed on independent evidence to be reabsorbed by 
the tubules raises the inulin (or, in the dog, creatinine) clearance 
ratio with respect to these solutes toward 1.0: glucose: dog 1884 
and man; 1951 creatine: dog and man; 1811 vitamin C: dog, 4877 and 
man; 1870 pantothenic acid; 7574 phosphate; 18,4 amino acids; 
sulphate: dog; 1178 uric acid: man (Berliner, pers. com.). Although 
these (5. a and b) results are more qualitative than quantitative, 
the fact that in most instances a reproducible maximal rate of 
tubular reabsorption or excretion can be demonstrated by using 
the inulin (or, in the dog, creatinine) clearance as the measure of 
filtration is supportive evidence for the premise. Moreover, in a 
few cases where Tm is small relative to physiologically possible 
loads, the clearance ratio at elevated plasma levels may closely 
approach 1.0, as in the case of creatinine in man (1.1) and chim¬ 
panzee (1.0), of phosphate in the dog (0.9+), and of vitamin C in 
the dog (0.95+) and man (0.90+). 

Govaerts, Lambert, Lebrun, and de Heinzelin de Braucourt 878 
have shown that the filtration rate calculated from the ratio 
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AUgV/APq at values of Pg above that required to cause frank 
glucuresis checks with the simultaneous thiosulphate clearance in 
man. Inasmuch as the thiosulphate clearance has been equated 

FILTRATION BLOOO FLOW MAXIMAL MAXIMAL 

WATE TUBULAR TUBULAR 

EXCRETORY REABSORPTIVE 

CAPACITY CAPACITY 

_ INULIN DIOORAST DIODRAST GLUCOSE 

AT AMY PLASMA AT LOW PLASMA AT HIGH PLASMA AT HIGH PLASMA 

CONCENTRATION CONCENTRATION CONCENTRATION CONCENTRATION 
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Figure 44 Illustrating the excretion of (A) inultn, which is excreted so!el> b) 
filtration with no tubular reabsorption or excretion, (B) diodrast (or PAH) at 
low plasma levels where 92 per cent is removed from the renal arterial blood bj 
a combination of filtration and tubular excretion, thus affording a method for 
measuring the renal blood {Q maxima) Tubular excretory capacity for 
diodrast (Titid) or PAH (TmpAlO after correction for the quantity filtered, 
affording l specific measure of the quantity of tubular excrctor) tissue; (D) 
maximal tubular reabsorptive capacity for glucose, affording I specific measure 
of tubular reabsorptive activit) 

with the inulin clearance in man, this correspondence may be con¬ 
sidered significant, but since the equation between the thiosul¬ 
phate and inulin clearances has been questioned as fortuitous, 
this evidence must be considered to be of secondary weight. The 
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principle, however, is sound, and applicable to any substance if a 
constant rate of reabsorption or excretion is accepted. 

6. a. Administration of phlorizin raises the glucose/inulin or 
creatinine clearance ratio from 0.0 to 1.00 in the dogfish, 1 * 1 * to 1.0 
in the teleost, 14 ” to 1.01 in the dog, 1M4 ,S47 > 1MI to 0.96 in the 
chicken, 1 *” 1SSS to 0.93 in the chimpanzee, 1 ”* and (in the largest 
dose given, 100 mg/kg.) to 0.91 in man. It raises the x> lose/inulin 
or creatinine clearance ratio from 0.78 to 1.0 in the dogfish, ,m 
from 0.73 to 0.97 in the dog, 1410 - 1 * 14 and from 0.78 to 0.90 in man 
(100 mg/kg.). * 1448 

b. Administration of phlorizin lowers the creatinine/inulin ratio 
in the chicken from 1.59 to 0.98, ,m in the chimpanzee from 1.27 
to I.05, 1 ” 4 and in man from 1.39 to i.oo. 1MI 

7. Glucose and xylose are reabsorbed by a common mechanism, 
and saturation of the tubules by glucose raises the xvlose/inulin 
clearance ratio in the dog from 0.78 to 1.0 Igi! and from 0.80 to 
0.96 or higher in the frog. 474 Amino acids and creatine are re¬ 
absorbed by a common mechanism, and saturation of the tubules 
by glycine or alanine raises the creatine/creatinine ratio to 1.0 in 
the dog. 

Supplementing the foregoing clearance comparisons are the ex¬ 
periments of Richards, Bott, and Westfaf/,' 7 " who have shown 
that when inultn is perfused through the renal-portal vessels of 
the frog’s kidney none gains access to the lumen unless the tu¬ 
bules are injured, thus excluding tubular excretion in this species. 
When inulm, along with phenol red, diodrast, or hippuran, is per¬ 
fused through the dog or rabbit kidney at a pressure below that 
necessary to effect filtration, phenol red, diodrast, and hippuran 
accumulate in the tubules and are washed out when filtration is 
re-established by perfusion at a higher pressure, but so little inulin 
is present in this urine that the tubular excretion of this substance 
may be excluded. 

In summary, no single line of evidence cited above is absolute— 
indeed it is impossible to obtain absolute proof of any hypothesis. 

♦For sucrose/x> lose and glucose/sucrose ratios in normal and phlonzinized 
animals see Smith,*and for other comparisons of clearance ratios see ,M - I7n - 
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But the total evidence can best be explained by the interpretation 
that the inulin clearance in all species is identical with the filtra¬ 
tion rate. 

This evidence can be briefly summarized as follows; 

Inulin is completely filtrable from the plasma. It is not ex¬ 
creted by the aglomerular fish kidney. In the dog and man the 
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Figure 45 . Diagrammatic summary of excretion of various types of compounds 
by the human kidney. A\erage normal Tm values are used in the calculation 
of the clearances at various plasma levels. 


rate of excretion (UV) increases in direct proportion to P, in¬ 
dicating absence of tubular participation cither in excretion or 
reabsorption. 

In normal man, the simultaneous inulin, allantoin, sorbitol, 
dulcitol, mannitol and sorbitan (and, in the dog, creatinine) 
clearances are identical, presumptive evidence that they are at 
the level of the glomerular clearance. 

Elevation of the plasma concentration of substances for which 
there is independent evidence of tubular excretion or rcabsorption 
(i.e. variability of clearance with P or of substances competing 
for tubular transport) causes the clearances of these substances 
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to converge toward the inulin clearance. Thus, at physiologically 
tolerable plasma concentrations, the creatine, phosphate, and 
vitamin C clearances are only slightly less than the inulin clear¬ 
ance in man, while saturation of the tubules with glucose brings 
the xylose clearance up to the creatinine clearance, and satura¬ 
tion with glycine or alanine brings the creatine clearance up to the 
creatinine clearance in the dog. 

In the phlorizinized dog, the glucose, xylose, and sucrose clear¬ 
ances are identical with the creatinine clearance; with somewhat 
smaller doses of phlorizin, these clearances are only slightly below 
the inulin clearance in man, while the inulin and creatinine clear¬ 
ances are identical. 

In closing this chapter, it is convenient to summarize possible 
modes of excretion (exclusive of the tubular syn thesis of am¬ 
monia, etc.), a summary that can be presented very simply in 
diagrammatic form (fig. 44). 

Another simple diagram (fig. 45) will serve to show the rate of 
renal clearance of a variety of substances, in relation to the inulin 
clearance, at various plasma concentrations of these substances, 
where their excretion is governed by a critical constant (Tm) in 
tubular transport. The Tm values used in calculating the clear¬ 
ances in figure 45 are taken from the studies in preceding chapters. 
In the case of urea, which is reabsorbed by passive diffusion, the 
clearance at a fixed filtration rate and urine flow is essentially in¬ 
dependent of plasma concentration. 



Part II 




CHAPTER X 


The Antidiuretic Hormone and the 
Excretion of Water 


GENERAL CONSIDERATIONS 

It has been known for three decades that clinical or experimental 
lesions involving the posterior pituitary gland, or certain tracts in 
the hypothalamus related to this gland, may result in a greatly 
increased urine flow (polyuria) and an insatiable thirst (poly¬ 
dipsia), this syndrome being known as diabetes insipidus. It is 
clearly established that in experimental diabetes insipidus poly¬ 
uria is primary and polydipsia secondary,* and that the polyuria 
is a result of a deficient secretion of the antidiuretic hormone 
(ADH), so called because, when administered to normal animals, 
it prevents the diuresis that normally follows the administration 
of water. The urine flow in man with diabetes insipidus may rise to 
20 liters/day,f but without an\ remedy other than greatly 
increased water ingestion the condition may persist for many years. 

PASSIVE AND ACTIVE WATER REABSORPTION IN THE TUBULES 

In the current view, the renbsorption of water by the renal tu¬ 
bules involves at least two more or less independent processes: 

•The Trench school of clinical neurologists maintains that, in some individ¬ 
uals with appartnt diabetes insipidus, poljdipsia is primary and is related to a 
lesion m the h>pothalamus. , * M * , ■•' 

t Figures of 40 btcrs/daj are quoted by fisher tt a /.*** This figure is theoret¬ 
ical!) possible with a filtration rateof 1S0cc/mm , bursuch high fgurcsshouM be 
checked under supervision. 

S4* 
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(i) passive water reabsorption in the proximal tubule and thin 
segment (proximal system), and, under appropriate circum¬ 
stances, in the distal tubule; and (2) active water reabsorption 
that is presumably confined to the distal system, i.e. in the distal 
tubule and possibly in the collecting ducts also. So far as is known, 
only active water reabsorption is under rapidly variable hormonal 
control. 

PASSIVE WATER REABSORPTJOV 

The evidence for the belief that water reabsorption involves these 
two processes is based in part on the urea/inulin clearance ratio 
at varying urine flows (ch. iv, fig. 11) and in part on the fact that 
the minimal inulin U/P ratio in normal dogs and man during max¬ 
imal water diuresis ranges from 6 to io,* M 1,18 and from 8 to 10 in 
dogs with experimental diabetes insipidus » l8 - 11<1 and in man with 
severe clinical diabetes insipidus.' 7 *’* 1 ” 

Ludcmann, Raisz, and Wire (pers. com ) have studied the minimal 
creatinine U/P ratio in dogs dunng maximal water diuresis (water loads 
of 150 to 250 cc/hg m 2 doses 30 mm. apart) at varjing let els of the 
filtration rate, achieted by maintaining the animals on low protein 
(cracker meal, lard, and sugar), moderate protein (standard dog chow), 
and high protein (fresh horse meat) diets. On the meat diet, the post¬ 
prandial clearance ranged from 35 to 60 per cent abo\ e the postabsorp- 
tive figures observed on the other two diets. Observations were made 
both postabsorptively and postprandially. Minimal creatinine U/P 
ratios were attained 1 to 2 hr. after the first dose of water and were 
usually maintained for several 10 min. collection periods. The minimal 
U/P ratio varied from 7.0 to 9 8 at the lower filtration rate, and from 
5.4 to 8.4 at the higher rate The results were not influenced by the 
sequence m which the diets were fed It has not yet been determined 
what effect the excretion of urea and other osmoncally active substances, 
apart from electrolytes, may have in the foregoing experiments on the 
delivery of water to the distal system, but it appears that the distal 
fraction will tend to increase with increasing filtration rate. 

For discussion, the average figure of 8 will be used. This means 
that dunng maximal water diuresis the glomerular filtrate has 
been concentrated about eightfold, or that some seven-eighths of 
the water originally present in the filtrate has been reabsorbed. 
At a filtration rate of 130 cc/min., this represents the reabsorption 
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of 114 cc/min., leaving 16 cc/min., more or less, as the maximal 
diuretic urine flow. 

It is believed that this seven-eighths (in round numbers 85 per 
cent) of the glomerular filtrate is reabsorbed in the proximal tu¬ 
bule and thin segment of Henle’s loop by a passive process, con¬ 
comitantly with or in consequence of the reabsorption by the 
proximal tubule of electrolytes, glucose, etc.* (see fig. 60, p. 
327). ,m That this proximal reabsorption of water is a passive 
process is indicated by several lines of evidence which will be pre¬ 
sented later (ch. xi). Passive diffusion across the tubule presum¬ 
ably occurs pari passu with the reabsorption of sodium, chloride, 
bicarbonate, glucose, etc., to maintain an osmotic U/P ratio close 
to 1.0. The proximal reabsorption of sodium and glucose are cer¬ 
tainly active operations, and this reabsorption of osmotically ac¬ 
tive constituents will tend to leave the tubular urine hypotonic 
to the blood. It may be presumed that, in so far as time permits, 
water diffuses from this hypotonic urine back into the blood in 
consequence of the resulting difference in osmotic pressure. Fur¬ 
ther diffusion occurs in the thin segment of the loop of Henle, the 
function of which is now considered to be the promotion of osmotic 
equilibrium between the tubular urine and the blood before the 
urine is delivered to the distal tubule. Because water reabsorption 
in the proximal tubule and thin segment is physiologically uncon¬ 
trolled, as far as the maintenance of water equilibrium is con¬ 
cerned, the writer ,m previously called it ‘obligatory water rc- 
absorption.’ 

This passive reabsorption of water can be impeded and the mini¬ 
mal U/P ratio decreased by loading the urine with unreabsorbed, 
osmotically active substances such as glucose, mannitol, urea, etc. 
Thus, during glucose, sulphate, mannitol, or urea diuresis, cre¬ 
atinine U/P ratios substantially less than 2.0 have been obtained 

• Walker, Bott, Oliver, and MacDowel!* m believed that some 12 5 per cent 
of the water of the glomerular filtrate is reabsorbed by each successive 10 per 
cent of the proximal tubule of the rat (this figure is somewhat leas in the guinea 
pig). Each unit length of the proximal tubule appears to reabsorb a constant 
percentage of the glomerular filtrate rather than a constant absolute amount. 
Thc> estimate that, by the end of the proximal tubule (exclusive of the thin 
limb), perhaps So per cent of the water has been reabsorbed, yield rg a V/V 
ratio of 100/(100 — 80), or 5 o. 
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in dogs and rabbits. 14 ®* ww.nw,sra Jnulin U/P ratios as low as 3.5 
have been recorded in man during severe glucose diuresis (i.e. 
urine flows as high as 41 cc/min.),* 18311,38 while an inulin U/P 
ratio of nearly 1.0 has been obtained in the chicken. 11 * 1 

ACTIVE WATER REABSORPTION 

Supplementary to obligatory water reabsorption is an active re- 
absorptive process which is promoted by ADH; it is by variations 
in this moiety (i.e. about 15 per cent of the glomerular filtrate, or 
c.16 to 20 cc/min. in man) that the urine flow is adjusted to meet 
the normal water requirements of the body. This active process 
the writer designated as ‘facultative reabsorption.’ The evidence 
favors the belief that facultative reabsorption is confined to the 
distal portions of the nephron, possibly to the distal segment, 
though there is reason to believe that the collecting ducts may be 
involved. When facultative reabsorption is in abeyance, the urine 
flow is large and the urine osmotically very dilute because of the 
reabsorption of sodium chloride in the distal tubule; when facul¬ 
tative reabsorption is maximal, the urine flow is small and the 
urine is concentrated. 

That the renal tubules in the dog, in the entire (or almost en¬ 
tire) absence of ADH, are capable of elaborating a hypertonic 
urine during water deprivation has been shown by Fisher, In¬ 
gram, and Ranson, 858 who were able to deprive diabetes insipidus 
cats of water for a period as long as 8 days. The specific gravity of 
the urine rose to 1.044 to 0.050. White and Heinbecker , ‘* s ob¬ 
tained similar results with diabetes insipidus dogs. Shannon 18,1 
obtained osmotic U/P ratios of 1.30, 1.63, and 1.32 in 3 dogs de¬ 
prived of water for 24 hr., and he suggested that dehydration, 
presumably through an increase in the osmotic pressure of the 
plasma, imposes upon the distal system the physiological con¬ 
ditions favoring the formation of a concentrated urine, and that 
ADH serves to effect a more efficient conservation of water by re¬ 
inforcing this intrinsic tubular process. However, the maximal 
recorded osmotic pressure of the urine of a diabetes insipidus dog 

* Extreme osmotic diuresis if maintained is dangerous since It may lead to 
sudden and crmcal dehj dration. 
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is A = —i.oi 0 C., whereas this value may reach —3.o° C. in nor¬ 
mal animals (plasma A = c.o.6o° C.)> and the ability of the 
kidney to concentrate in the absence of ADH manifests itself only 
under extreme stress, with contraction of both extracellular and 
intracellular fluid spaces, and under conditions that are not 
compatible with life. 4 ** 

THE SITE OF WATER REABSORPTION 
Sections of kidneys fixed during the excretion of precipitable in¬ 
dicators, such as ferrocyanide, hemoglobin, uric acid, etc., reveal 
a progressive increase in density of indicator as the urine passes 
down the proximal tubule, the thin limb, and the distal tubule, 
culminating in the collecting ducts. 170 -* 1 * *”■ 1717 **- 70177110,7 * m In 
many clinical disturbances, plasma proteins or hemoglobin es¬ 
cape through the glomeruli in sufficient concentration to precipi¬ 
tate in the urine with the formation of casts. Such coaguJa are not 
formed uniformly in all parts of the nephron, but occur particu¬ 
larly in the distal convolution and collecting ducts, less frequently 
in the ascending limb, and rarely in the thin limb and proximal 
tubule. 1 * 10 These observations are consonant with the view that 
water reabsorption occurs throughout the length of the nephron, 
but they do not supply any quantitative information. It is reason¬ 
able to expect that osmotic concentration would be carried out as 
far down the tubule as possible, after other major reabsorptive 
processes had been completed. 

Peter “** suggested that the length of the thin segment in the 
kidneys of various mammals correlated with the maximal con¬ 
centration of the urine, but the data were scarcely adequate to 
warrant a firm statement on this matter. Crane 4 ** noted that 
hypertonic urine is formed only in the mammals and birds in 
which the thin segment is present (this segment is absent in the 
reptiles and all lower forms, and it is present in only a small frac¬ 
tion of the bird’s nephrons); Burgess, Harvey, and Marshall 1 ** 
pointed out that it is only in birds and mammals that ADH in¬ 
creases the tubular rcabsorption of water. This led to the view 
that the urine was concentrated chiefly in the thin segment, but 
the thinness of the tubular epithelium in this segment has always 
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been a difficulty in this interpretation,* and more recent work in¬ 
dicates that the function of the thin segment is to promote os¬ 
motic equilibration before the urine is delivered to the distal seg¬ 
ment where the final operations on water and sodium are per¬ 
formed. We must here leave open the question whether or not the 
collecting ducts participate in the active adsorption of water and 
the formation of a hypertonic urine, and no distinction can be 
made between the ascending limb and the convoluted portion of 
the distal tubule, though Walker, Bott, Oliver, and MacDowell 1111 
indicate that active reabsorption may occur only in the late distal 
tubule and the postdtstal collecting ducts. 

ROLE OF THE NEUROHYPOPHYSIS AND THE ANTIDIURETIC 
HORMONE 

DIABETES INSIPIDUS 

The relationship of the pituitary gland and hypothalamus to clini¬ 
cal and experimental diabetes insipidus has been the subject of 
numerous investigations, and indeed more papers have been pub¬ 
lished in this field than in any other in renal physiology. The sub¬ 
ject got off to a bad start and has been marked by many con¬ 
tradictory results and theories—Fisher, Ingram, and Ranson “• 
remark that the history of diabetes insipidus reads like a comedy 
of experimental errors, and the recent report of Bykow 745 that 
neither conditioned water diuresis nor conditioned inhibition of 
diuresis is abolished unless both hypophysectomy and renal de¬ 
nervation are carried out reveals that the problem is not yet free 
of the possibility of error. It is bejond the province of this chapter 
to discuss the full history of this problem, and for detailed de¬ 
scriptions of investigations, up to 1938, dealing with experimental 
and clinical lesions of the pituitary gland and related areas, refer¬ 
ence may be made to Fisher, Ingram, and Ranson’s monograph. <s * 

THE ANATOMY OF THE HYPOPHYSIS AND RELATED HYPOTHALAMIC 
AREAS 

The following outline, drawn chiefly from the description given 
by Fisher and his colleagues and based upon their own extensive 
* That thin epithelium can do osmotic work is attested by the respiratory 
epithelium covering the lamellae in the gills of Ini 
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experiments on cats and upon work of their predecessors, will af¬ 
ford a summary from which subsequent investigations may be 
conveniently described. The description is in agreement on all 
major points with the views of Verney, Pickford, Heller, Richter, 
White, and others who have worked extensively in this field. 

The hypophysis of the cat and, with few exceptions, of other 
mammals consists of a glandular division, the adenohypoph)$is, 
and a neural division, the neurohypophysis, each separable into 
the following parts (fig. 46): ,m 

Adenohypophysis (glandular division) 

1. Pars distalis (anterior lobe) 

2. Pars tuberahs 

3. Pars intermedia 

Neurohypophysis (neural division) 

1. Infundibular process (neural lobe; pars 
nervosa) 

2. Infundibular stem 

3. Median eminence or Infundibulum (neural stalk) 
tubercinerum 

The median eminence has the same histological structure as the 
infundibular process and the infundibular stem and is therefore 
included as part of the neurohypophysis, rather than of the hypo¬ 
thalamus with which it is anatomically associated. In the cat, all 
three parts of the neurohypophysis contain extensions of the in 
ventricle (central cavity) but this condition exists only in the 
Fehdae. In other mammals, the infundibular stem and infundibu¬ 
lar process are solid and contain no extension of the ventricular 
cavity. 

Unmyelinated nerve fibers enter the infundibular process from 
the supraoptic nuclei, the ventral paraventricular nuclei, 1 *” and, 

* Fisher, Ingram, and Ranson discard the term 'posterior’ lobe since, as gen¬ 
erally used, it refers to the infundibular process and the investing pars inter¬ 
media, and thus includes parts of both the adenohypophys s and the neuro- 
hypophysis The term is also open to cnticism because it makes no provision 
for the median eminence and the infundibular stem, which appear to be identi¬ 
cal in structure and arc probably identical in function with the infundibular 
process Thus the term rturohypcpkius will be used in this volume, as by Fisher, 
Ingram, and Ranson, to indicate the structurally and presumably functionally 
identical infundibular process, infundibular stem and median eminence. 
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according to Fisher et al , <5a the ventro medial nucleus, and per¬ 
haps from the anterior hypothalamic nucleus and the dorsal para¬ 
ventricular nucleus, all passing to the infundibular process bj 
wa> of the median eminence and constituting the supraoptico¬ 
hypophysial tract The name is warranted since the majority of 
these fibers undoubted!) come from the supraoptic nucleus * 
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stem and eminence or to effect complete denervation is held to be 
responsible for the negative results reported by many investigators 
who have failed to obtain diabetes insipidus by ‘posterior lobec¬ 
tomy/ 17,1 O’Connor 1M7 does not believe that the number of cells 
in the supraoptic nuclei can be related to the severity of polyuria. 
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Figure 47. The course of poljuna and polydipsia in a typical case of experi¬ 
mental diabetes in the cat. (Fisher, Ingram, and Ranson 


but the dogs upon which he bases this opinion showed only a very 
slight polyuria. 1 ” 1 O’Connor and Verney had earlier expressed 
the view that 5 per cent of residual functional tissue suffices to 
constrain the urine flow within normal limits, and others believe 
that some 3 per cent is incompatible with maximal polyuria.*”*”'* 
Destruction of the posterior hypothalamus and of the tubero- 
hypophysial tract which arises from it docs not cause any ap¬ 
parent disturbance in water balance. Lesions producing diabetes 
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insipidus produce ‘degenerative’ changes in the cells of the neuro¬ 
hypophysis and disappearance of nearly all extractable anti¬ 
diuretic activity.'** ,l7 -™ «“ 

The typical course of diabetes insipidus in a cat in which the 
supraopticohypophysial tract had been destroyed bilaterally by 
electrolytic lesions is shown in figure 47. The urine flow increased 
from 100 to 500 cc/day by the second day after the operation. 
From this peak it gradually decreased and at the end of the sixth 
postoperative day had returned to normal, remaining at normal 
levels until the eleventh postoperative day when it began to in¬ 
crease again. After the fifteenth day it leveled off at a value around 
400 cc/day, this polyuria being maintained for 71 days of observa¬ 
tion. Fisher, Ingram, and Ranson refer to the first phase of poly¬ 
uria as the ‘transient phase’; the persistent polyuria that becomes 
evident in the majority of cases from the tenth to the fourteenth 
postoperative day they designate the ‘permanent phase’; and by 
‘normal interphase’ they designate the period of normal fluid ex¬ 
change that occurs between the transient and permanent phases. 
The entire period between the time of operation and the day of 
onset of the permanent phase they call the ‘latent period.' 

Within 24 hr. after operation in the dog, the water exchange in¬ 
creases from a few hundred cc/day up to 3 to 10 liters, and remains 
at a high level for 5 to 11 day s. The interphase, during which water 
exchange occurs at a normal level, lasts 3 to 6 days. The per¬ 
manent phase develops between the tenth and fifteenth day, when 
the water exchange may again reach 10 hters/day. Dogs with per¬ 
manent polyuria have survived for over 4 years without recession 
in unne flow'.*” 

Heinbecker and White "* attribute the transient phase to trau¬ 
matic injury of the secretory' tissue; after subsidence of the effects 
of trauma there follows the normal interphase during which the 
denervated neurohypophysis continues to secrete hormone, and 
this is succeeded by' permanent polyuria when cell degeneration, 
resulting from loss of trophic nerve influences, leads to complete 
failure of secretion. They believe that complete removal of all 
secretory' tissue invariably results in the immediate development 
of permanent polymria, but others have not observed this phe¬ 
nomenon. 
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Since the quantity of total solids excreted per day remains 
fairly constant, the specific gravity of the urine varies inversely 
with the urine volume, falling to 1.003 to 1.006 during polyuria, 
and this value may be used as an adjunct to the measurement of 
urine output in following the course of polyuria. Hare and his co¬ 
workers 117 have used the U/P ratio of creatinine to judge the 
polyuria, for in the moderately hydrated, fully diabetic animal 
this decreases to 10 or below. All of these criteria fall short of reli¬ 
ability because they are all subject to glomerular-tubular balance. 

Quantitatively, the phenomena described above show con¬ 
siderable variation in individual animals. The transient phase may 
be absent, and it does not appear later than the second postopera¬ 
tive day; it may last from 1 to 11 da>s and (rarely) may merge 
with the permanent phase, thus abolishing the normal inter- 
phase.* 511 The maximal urine output in the transient phase usually 
occurs on the first or second postoperative day. The latent period 
ranges from 6 to 18 days, with a mode of 11 days.* 

It is well demonstrated that polyuria is primary and polydipsia 
secondary in both the transient and permanent phases, nn and, 
since in all species both the transient and permanent polyuria can 
be controlled by the administration of ADH, the conclusion is 
warranted that the polyuria of experimental diabetes insipidus is 
attributable to a deficiency of this hormone. This is not always 
true of polyuria as observed in man (vide infra). 

Richter 1 ” 4 has indicated that the voluntary water intake in normal 
animals and humans is a function of surface area rather than body 
weight, and hence probably a function of metabolic rate. The figures 
cited range from 1050 to 1283 (average 1142) cc/sq. m. per day in rats, 
cats.t dogs, monkeys, and humans. He believed that the maximal 

* In 2 cases of diabetes insipidus of traumatic origin in man, polyuria became 
manifest 8 and 12 days, respectively, after injury.“« 

f Under ordinary laboratory conditions, normal cats drink little water and 
never more than 50 cc/day, and excrete 50 to 12s cc of unne with a specific 
gravity ranging from 1.025 t0 !*ojo Cats with j'ermanent polyuna drink 2jo 
to 1000 cc. of water daily and void 200 to 1000 cc. of urine the specific gravity 
of which is I 005 to 0015. Pitrcssin decreases the minute volume of unre in 
diabetes insipidus cats but has no action on the 24 hr unne volume in norma! 
animals, presumably because of the oligunc nature of the unne**’ It is wel] 
known that both cats and dogs, if maintained on a mois» diet, can be habitu¬ 
ated to a very small water consumption. 



252 ANTIDIURETIC HORMONE AND EXCRETION OF WATER 

voluntary intake in animals with diabetes insipidus is related more 
closely to body weight than surface area, approximately 1000 cc/kg per 
da> for rats and humans, and slightly lower in cats, dogs, and monkeys, 
owing, he suggests, to the fact that maximal diuresis has rarely been 
obtained in these species because of incomplete destruction of neuro- 
hypophjsial tissue Richter s estimates, hone; er, appear to be excess/;e 
In theor), a man with a filtration rate of 130 cc/mm (187 htcrs/day), 
with a minimal U/P ratio of 8, would excrete 23 liters/da), or some 330 
cc/kg If we take the a\erage filtration rate per kg of bod) weight m the 
dog as 4 3, in the cat as 3 2,* and in the rat as 6 o cc/kg per mm , the 
maximal urine flow at a U/P ratio of 8 would be 774, 560, and 1080 
cc/kg per da) Variations from the mean figures for the filtration rate 
might encompass Richter’s estimates, except in man It is to be noted 
that, m the on!) case of diabetes insipidus in man on which information is 
available, the total hormone content of the posterior lobe was less than 
1 per cent of normal 989 

It is stated that the diuretic response to water in experimental diabetes 
is blunted and frequentl) imperceptible *m This problem 

is complicated b) the role of the anterior pituitary gland If this gland 
is intact, diabetes insipidus dogs excrete m 3 hr nearly as large a fraction 
of administered water as do normal animals Pickford and Ritchie 14,1 
in some instances obtained a diuretic response slightly greater than 
normal It must be recognized that the mechanism of water diuresis in a 
completely diabetic animal is different than in the normal in that it 
involves readjustment of glomerular actmt) and possibl) other factors 
rather than changes in facultative water reabsorption If the anterior 
pituitary is removed, the diuretic response is greatly blunted for reasons 
having nothing to do with diabetes insipidus per se 

The oral ingestion of saline aggravates the polyuria, and the fluid 
exchange is to a large extent dependent upon the sodium chloride intake, 
especially if this is above normal 1,41,8K - IK:r tms.JMS.ru This e ff ec t is in 
part attributable to the fact that a high sodium chloride intake tran 
siently increases the filtration rate, especially in the dog, but it also 
msolves the fact that the load of salt and water delivered to the distal 
system is substantially increased, possibly independently of the filtration 
rate, and makes more water available for excretion These same factors 
underlie the increase in polyuna associated with a high protein diet and 
increased excretion of urea and other metabolites 

* Calculated from Wire 15 ** as 50 cc/mm per sq m times o 2 sq m/3 I kg 
for an average cat 
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Although some animals suffer severe dehydration and die m the 
course of days or weeks when the fluid allowance is reduced to the 
normal level, many survive for considerable periods Such surviving 
animals tend to remain in a chronic state of water deficit which is made 
up when abundant water is given Dogs with permanent polyuria 
may show temporary, inexplicable periods of normal rates of unne 
output, 11 * 5 and polyuria decreases m cats when fasting, independently 
of continued moderate salt intake r<l Polyuria persists, however, if the 
urine flow is compared with that of fasting animals under the same 
conditions, where the unne flow is normally very low The effect of 
fasting on polyuria is in part attributable to the reduction in the excretion 
of nitrogenous compounds which, as noted above, increase the load by 
water delivered distally * Polyuria can be markedly reduced by keeping 
both the nitrogenous and salt intake low 110 
The urge to drink in the normal and diabetes insipidus dog is not 
dependent on the integnty of the olfactory, gustatory, or trigeminal 
nerves u ‘ The vagus is reported to have central secretory connections 
with the hypothalamico-hypophystal system, the evidence is suggestive 
though less certain for the olfactory, optic, lingual, vestibular, glosso¬ 
pharyngeal, and hypoglossal nerves, and negative for the trigeminal, 
cochlear, motor facial, spinal, and phrenic nerves 
Animals with diabetes insipidus, unless dehydrated, have normal 
concentrations of serum sodium, potassium, and chloride, and these are 
not affected by injections of ADH, r " but water restriction or sodium 
chloride ingestion produces negative water balance, hemoconcentration, 
elevation of plasma sodium and chloride levels, and loss of potassium 
These changes diminish with time through unexplained adaptations 158 

PHVSIOLOGICAL PROPERTIES OF THE ANTIDIURFTIC HORMONE 
THE IDENTITY OF THE POSTFRIOR PITUITARV HORMONES 

The known hormones extractable from the posterior pituitary are: 

I Antuhurttic-vasopressor prtvctple (ADII, pitressin, vaso¬ 
pressin), characterized by (a) antidiurctic action and (b) pressor 
action vvhen administered intravenously in anesthetized animals 
ADH also causes contraction of other smooth muscles (gut) as 
well as the blood vessels It constricts the coronary vcsscJs ** T and 
thereby causes dilatation of the heart, a phenomenon which may 
contribute to the 'pressor* action 

• Possible reduction in filtration rate on a low protein d et cr tn anortt c 
animal* should not be ov crloolcd 
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2. Oxytocic principle (pitocin, oxj tocin) characterized by capac¬ 
ity to stimulate the uterus, this being the only smooth muscle upon 
which it acts. 

3. Amphibian tcater balance principle , characterized by its ca¬ 
pacity to promote water absorption through the skin. It occurs in 
the neurohypophysis of all vertebrate classes examined, but acts, 
so far as is known, only in the Amphibia. 

4. Melanophore principle , characterized by its capacity to cause 
contraction of melanophores in cold-blooded animals generally. 

The anti diuretic-vasopressor, oxytocic, and amphibian water 
balance principles are derived from the neurohj pophysis, the 
melanophore principle from the pars intermedia.*” 

The amphibian water balance principle is contained in the 
pitocin fraction but it is probably not identical with pitocin. 
Heller *” has reviewed the distribution and action of this prin¬ 
ciple. 

The melanophore principle is apparently an independent entity. 
It has no antidiuretjc activjty. 51 * •” 

All investigators are agreed that in commercial extracts pitressin 
and pitocin are independent entities,* although perfect separation 
has proved to be difficult, the best preparations containing about 
10 per cent of the other activity.* 44 -*™ 8 * 811,4 Both principles are 
amphoteric; pitressin has an isoelectric point at about pH 10.85, 
pitocin at about pH 8.5.*” mt The latter has no pressor action. 

Pitressin (ADH) occurs in the pituitary of all classes of verte¬ 
brates,*” though the pituitaries of mammals contain 8 or more 
times as much as in any other Class. Dehydration depletes the 
neurohypophysis of its content of ADH, and hydration permits 
reaccumulation. su Gaupp and Scharrer”* state that secretory 
droplets formed in the supraoptic nucleus may be traced along 
axons of the supraopticohypoph} sial tract and seen to enter the 
neurohypophysis. They suggest that the hormone is formed in the 
nucleus and liberated into the blood stream through the gland. In 

* Commercial pituitnn (obstetrical) contains 10 units and pituitnn (surgical) 
contains 20 units of oxytocic activity per cc. Five-tenths of a mg of standard 
pituitary powder contains 1 unit of oxytocic and 1 unit of pressor activit}. 
Commercial pitressin contains 20 units of pressor activity and less than I unit 
of oxytocic activity per cc Commercial pitocin contains 10 units of oxjtocic 
activity and less than 1 unit of pressor activity per cc. 
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partial confirmation of this view, appreciable amounts of ADH 
have been reported in the supraoptic nucleus . 1 ” 1 

Pitressln, even when given intravenously in large doses, has no 
significant pressor action in man * or lightly anesthetized dogs and 
rabbits, and indeed it may induce a fall in pressure in part by con¬ 
striction of the coronary vessels and other actions on the heart, 
while in anesthetized animals there are considerable species or 
circumstantial differences. Hence the name ‘pitressin’ is rather 
misleading.* 7 * Wl 8771 

Whether the antidiuretic and pressor effects attributed to pi¬ 
tressin are themselves activities of a single molecular species is in 
doubt. Most investigators have accepted a single principle 7I * * 74 - 
lott, iost ini mi mi while others 441 have presented evidence that the 
two activities can be separated. 

Heller *** reported that, as judged by the subcutaneous rat test of 
Burn ”* the antidiuretic factor is more stable than the pressor factor 
when heated at all pH values between 0.57 and 100. He believed that 
he had obtained a preparation by heating at pH 10.0 which contained 
only about 8 parts of pressor activity to 100 parts of antidiurctic acmtt). 
Such non-pressor preparations exert no diuretic action when given intra¬ 
venously to anesthetized rabbits, hence the diuretic action of untreated 
extracts was referred to the pressor principle.*” However, Fraser/* 1 
repeating Heller’s work, found that when the subcutaneous rat method 
was replaced by an intravenous dog method, acid hydrolysis had no 
differential effect on the pressor and antidiurctic activities His evidence 
indicates that the differential results obtained by Heller are attributable 
to differences in the rate of subcutaneous absorption. The balance of 
evidence seems to favor the view that the antidiurctic and pressor activi¬ 
ties are attributable to a single molecular species. 

Pnocin and ADH may represent fragments of a single parent molecule. 
Rosenfeld tTW found that, when untreated press juice from the posterior 
lobe is subjected to ultracentrifugation, the two activities show very 
similar sedimentation rates. Because of the mild extraction procedure 
used, he believes that the press juice contains a large molecular species 
as the native hormone, this molecule having a sedimentation constant 
about one-half or one-third that of egg albumin. Commercial extracts 
such as pituitrin, pitressin, pitocin, etc., contain the activities in the 
form of ph)siologically active cleavage products which arc much smaller 

• Large, that is, in respect to the production of anti.! ures s. 
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in molecular weight. Van Dyke, Chow, Greep, and Rothen* 8 ” confirm 
this unimolecular view, and assign the native protein a molecular weight 
of 30,000. They believe it improbable that this protein is secreted as 
such into the blood, but think that scission into smaller, physiologically 
active products probably occurs in the gland. 

THE ANTIDIURETIC HORMONE 

The antidiuretic hormone is immediate and constant in its action, 
which is best revealed by its effects upon water diuresis in mam¬ 
mals.* In adequate doses it completely prevents diuresis, regard¬ 
less of the dose of water, and under its influence marked blood 
dilution may occur 77 * and water intoxication is readily ob¬ 
tained. 1157 The dilution of the blood in rabbits may be sufficient to 
produce hemolytic anemia/ 77 - 17 * 

The excretion of water is delayed for 2 to 10 hr., depending upon 
the dose of ADH and method of administration. Tolerance is not 
developed on repeated injection/*** The hormone does not delay 
the absorption of water from the intestine »«•“**•»»® and it inhibits 
the diuresis produced by the intravenous administration of 
water. 1517 -* 11 * Denervation of the kidneys does not affect the anti¬ 
diuretic response to either endogenous or exogenous hormone or 
modify the development and course of experimental diabetes in¬ 
sipidus. 10 *- 11,8,1754 Removal of the abdominal sympathetic chain, 
section of both vagi, antropinization or section of the spina! cord 
at the upper thoracic or lower cervical level, have no effect upon 
the development of experimental diabetes insipidus/ 58 The hor¬ 
mone exerts its typical action in decerebrate animals tn - ,m and to 
some extent in the heart-lung-kidney, in which preparation the 
urine is typically dilute. 1,S1 - 1105 The antidiuretic action is inde¬ 
pendent of moderate changes in the creatinine clearance in the 
hypophysectomized, decerebrate dog. 104 The diuresis normally ob¬ 
served in the heart-lung-kidney is reduced if the blood is switched 
through the head of a dog with the pituitary intact, but not if the 
gland has been removed.* 104 

The antidiurctic response in individual rats, measured as the 
reduction in urine flow during a 20 min. period subsequent to the 

* ADH docs not accelerate the rcabsorption of water in the fishes, frog, and 
alligator, its action in this respect being evident only in mammals and to a 
lesser extent in the chicken . 1 * 4 
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intravenous injection of ADH, is a linear function of log dose ex¬ 
pressed in microuni ts. ,OTI Pitressin is inactivated by liver tissue in 
vitro , and presumably hepatic destruction is one route of disposal in 
the body. 410 

From the facts given above, there can be no doubt that the 
hormone is secreted into the blood and acts directly on the kidney 
without the intervention of other organs. The essential mode of 
action in man, and doubtless all mammals, is the acceleration of 
the tubular reabsorption of water, probably in the distal system, 
for in physiological doses it has no effect upon the rate of glo¬ 
merular filtration in the dog or man {vide infra). 

NORMAL RATE OF SECRETION 

By the continuous intravenous administration of ADH, Shan¬ 
non 1,11 found that graded antidiuresis is obtained in dogs weigh¬ 
ing 10 to 15 kg. only in the range of 1.0 to 5.0 milliunits/hr. (o.i 
to 0.3 milliumts/kg. per hr.). There is considerable variation in 
the antidiuresis produced by a given rate of hormone administra¬ 
tion in different animals and in any one animal at different times, 
differences which are perhaps related in part to differences in the 
rate of filtration and perhaps to variations in intrinsic active water 
reabsorption, which is in turn related to the state of hydration of 
the body. The effects of the hormone when given intravenously 
in minimally effective doses disappear in less than 30 min. The 
time required for complete recovery increases, though not propor¬ 
tionally, as the rate of hormone administration is increased. Pro¬ 
longed action can be obtained by the subcutaneous administration 
of larger doses. 

Minimal urine flow in hydrated dogs is usually reached at 5.0 
milliunits/hr., and no further decrease is obtained when the rate 
of administration is raised from 10.0 to 100 milliunits. With the 
larger dose, the urine flow’ remains the same or increases. The re¬ 
duction in urine flow' obtained by hormone administration to nor¬ 
mal dogs is frequently less than that obtained by simple dehydra¬ 
tion for 18 to 24 hr., even though the urine is consistently more 
hypertonic in the former circumstance, because during dehjdra- 
tion the filtration rate is decreased, thus decreasing the delivery 
of electrolytes and water to the distal system, and dehj dration 
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itself may promote active water reabsorption quite apart from the 
presence of ADH. True oliguria (0.1 cc/min. or less in a 10 kg. 
dog) is obtained only by a combination of dehydration and hor¬ 
mone administration. 

Lauson, Eder, Chinard, Cotzias, and Greif 11,1 found that the 
infusion of pitressin in a 70 kg. man at the rate of o, 7.5, 16.4, 50, 
and 333 milliunits/hr. under conditions of hydrated water bal¬ 
ance produced endogenous creatinine chromogen U/P ratios of 
7-2, 80.8, 138, 183, and 134, respectively. Taking a U/P ratio of 
138 as maximal for the conditions of the experiment, this would 
indicate that 0.2 milhunits/hr. per kg. is about the minimal ef¬ 
fective dose in man, a figure corresponding to Shannon’s figure of 
0.1 to 0.3 milliumts/hr. per kg. in the dog. 

OSMOTIC DIURESIS 

The hormone produces, at most, a slight decrease in urine flow if the 
unne is already concentrated. More frequently, the urine flow increases 
(the ‘diuretic effect’) because of an increased excretion of sodium (the 
natriuretic effect to be discussed later). It has no or negligible effect 
on the diuresis produced by sodium chloride, sucrose, glucose, urea, etc., 
since it is incapable of promoting the further reabsorption of water in 
tie face of praumai diuresis (seech, xx). auHur.isM.in.Ji! 1 Mota/eJd t, UK 
who was the first to recognize this fact, found that, although the hormone 
might reduce the unne flow in rabbits markedly for se\cral hour=, it 
was impossible to produce anuria by its use. Similar conclusions are to 
be reached from Buschke’s 114 observations on dogs and Pculsson’s 
observations on man. 1 *** 

ACTIOS or POSTERIOR PITUITARY EXTRACTS OS RENAL CLEARANCES 

In their expenments on the perfusion of the rabbit’s kidney, Richards 
and Plant OTI found that relatively large doses of pitressin, like adren¬ 
alin, decreased the renal blood flow at constant perfusion pressure 
while increasing the kidney volume and the urine flow. Therm os tromuhr 
measurements showed that, in anesthetized and unanesthetized animals, 
large doses of pitressin reduced the blood flow through the kidneys, the 
femoral artery and vein, and the carotid artery’ and jugular van, the 
reduction persisting for an hour or more and being independent of 
sympathectomy and adrenalectomy. 7 * 8 * 8S,,8n More recent experiments 
indicate that the effects of pitressin on the renal blood flow vary with the 
dose and route of administration. Subcutaneously and intramuscularly 
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the effects are variable, but large doses (0.075 to 0-o6 units) intra¬ 
venously decrease the blood flow.* 5UJ In all the experiments above 
the dosage was unphysiological, so far as amidiuresis is concerned. 
Shannon 1881 found that the intravenous administration of 1 to 350 
milliunits/hr. produced no change in the creatinine clearance in the dog. 
Others (ch. xiv) report no consistent effect upon the filtration rate 
or renal blood flow in man, rabbits, and dogs (Breed and Maxwell, 
pers. com.). iHMMiuwait j n rats, however, Dicker and Heller 1,1 report 
that 3 milliunits of pitressin (Parke Davis and Co) per 100 gm. body 
weight, subcutaneously, increases the variability of the inulm and 
diodrast clearances, as revealed by an increase in the coefficient of 
variation (<r/mean), without markedly changing the mean values. (The 
same dose of pitocin significantly increases the clearances.) t Undifferen¬ 
tiated posterior pituitary extract (pituitrin) affected these clearances 
as did pitressin. The authors conclude that the renal vascular effects of 
pitressin may vary in character according to the concentration of 
pitressin in the blood. 

CLEARANCES IN EXPERIMENTAL DIABETES INSIPIDUS 

Farr, Hare, and Phillips 411 found that there is no significant difference 
between the urea clearance of normal cats (14.3 cc/min. per sq. m.) and 
that of cats with diabetes insipidus (13.1 cc/min. per sq. m.). White and 
Heinbecker Sl, » report that in diabetes insipidus dogs having free access 
to water the creatinine clearance remains unchanged during the transient 
phase and interphase, hut gradually falls after the first or second week 
of permanent polyuria, reaching a level of approximately half normal 
at 4 to 6 weeks, returning toward normal 3 to 6 months after the opera¬ 
tion. The urca/creatininc clearance ratio remains normal except for 
changes related to urine flow until the creatinine clearance becomes 
depressed, at which time this ratio may rise to0.8. In some contradiction 
of these results, Pickford and Ritchie 1 * 11 report that the creatinine 
clearance remains unchanged after section of the supraoptic tract or 
removal of the posterior lobe. 

Shannon ,M * has shown that in both normal and diabetes insipidus 

* Reduction of glomerular acmny in the alligator and chicken ,M and pithed 
frog** arc perhaps peculiar to these forms or attributable to cxcesme doses. 
Pasquahni iv* presents tirconsincmg evidence that ADI! promotes tubular re¬ 
absorption in the toad. 

t It seems probab’e from the available data that a species difference will be 
rocaled in the control of glomerular acmity in the rat a* compared with the 
dog and man. 
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dogs dehydration generally reduces the creatinine clearance, presumably 
through reduction of the volume of the extracellular fluid, the creatinine 
clearance returning to normal on rehydration This effect is much more 
marked in the diabetes insipidus dog than in the normal animal because 
of the absence of the water-conserv mg action of ADH In the farmer, 
18 to 24 hr of dehydration may reduce the extracellular fluid by one- 
half or more, with usually a marked reduction in filtration rate This in 
turn reduces the load of electrol) tes presented to the proximal tubules, 
which favors more complete reabsorption, and this circumstance, com¬ 
bined with continued water loss, leads to increased plasma osmotic 
pressure and the withdrawal of water from the cells, a process which 
helps maintain the volume of the extracellular fluid Whether fluid 
equilibrium will be attained, and whether the animal will survive on a 
restricted water allowance, wilt depend on the reduction in filtration 
rate, the intrinsic capacity of the distal tubule to form a hypertonic 
urine, and, of course, on the availability of w ater from endogenous or 
exogenous sources On return to abundant water intake, the extra 
cellular compartment expands and the filtration rate increases, simul¬ 
taneously, the conditions favoring reabsorption of water are removed 
and the polyunc state is re-established Moderate excess or defiat in 
water intake, he believes, is compensated for bj changes in the distal 
reabsorption of water, without significant changes in extracellular fluid 
volume or filtration rate The administration of water to the diabetes 
insipidus dog (as to a slightly dehydrated normal dog) increases the 
filtration rate, which increases the load of filtered electrolytes, the unne 
flow may increase twofold or more without corresponding dilution, 
presumably solely because of this increased load Conversely, during 
dehydration the unne flow may be decreased to small values without a 
proportional increase in concentration, because of the decrease in filtra¬ 
tion rate and hence in the osmotic load 

Shannon’s data show that, when the dehydrated diabetes insipidus 
dog ingests isotonic saline instead of water, the solution is temporarily 
retained and the volume of the extracellular fluid is increased, this leads 
to an increase in the filtration rate, which in turn produces an increase 
in unne flow not at first accompanied by an equivalent increase in sodium 
excretion, the concentration of urinary sodium remaining below that of 
the ingested saline Loss of water proceeds without a comparable loss 
of sodium until an increase in the concentration of extracellular electro¬ 
lyte occurs, this stimulates the thirst mechanism and the animal takes a 
second drink of saline, and the ingested fluid, being hypotonic, dilutes 
the extracellular electrolyte and thirst is temporarily satisfied. However, 
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the ingested siline further expands the extracellular volume and leads 
to a further increase in the filtration rate, this cycle proceeding until 
the filtration rate of sodium is m excess of the tubular reabsorpme 
capacity Sodmm is now excreted in significant amounts but at a unne 
concentration still below that of the ingested fluid, and hence conccntra 
tion of extracellular electrolyte again occurs as water is discarded in 
excess of sodium After several of these episodes, glomerular filtration 
is increased to such an extent that the load of filtered sodium consider¬ 
ably exceeds tubular reabsorpme capacitj and the sodium concentration 
of the urine attains that of the ingested fluid As long as the animal 
continues to drink, the saline solution, it remains m a more or less stead) 
salt and water balance despite marked poljuna A true stead) state is 
not established, howev cr, since the drinking may be episodic rather than 
continuous and there is a lag between the drinking of saline and its 
absorption Following each drink, a period of htgh urine flow produces a 
progressive contraction of extracellular fluid, which finds renal expression 
m a lowered filtration rate and decreased sodmm excretion, the excretion 
of water in excess of sodium produces an increased concentration of 
electrolyte in the extracellular fluid and the ammal is stimulated to 
drink again, thus initiating the succeeding oscillation * 

When the animal drinks water, a prompt reversal to the normal state 
occurs The elevated filtration rate maintains an excessive tubular load 
of sodium and promotes sodium excretion, creating a sodium deficit 
This process continues until sodium excretion becomes balanced against 
sodium intake, when the filtration rate and fluid exchange return to a 
stead) state This description, acceptable in respect to the observed 
changes in renal function, is possibly deficient tn that it neglects changes 
in the reabsorptive activit) of the tubules for sodium, mediated in part 
by adrenal hormones 

White, Hembccker and Rolf®”-* 104 report that Tmn is not reduced 
in diabetes insipidus dogs if the anterior lobe is not remo\ cd or serious!) 
injured 

Handley and Kellermore recently report that, in diabetes insipidus 
dogs excreting 1500 to Good cc/day of unne, drastic reductions occur m 
the filtration rate, renal plasma flow, and "I me, reductions that in most 

* An interesting implication of the observations above is that a 'steady state* 
cannot be achieved by the progress vc, uniform excretion of excess sodium or 
water in accordance with co" stint renal clearance pnncip’es, since an inf nit e 
time would be required to reach equ hbnum, it appears that th s d r 7 culty is 
resolved here as in other physclogital systems (the regulation of rrspratun, 
blood pressure, body temperature, etc) by ovcrtonpcnjaticn and hence oscs! 
Jition above and below the steady state as a mean. 
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animals exceed 50 per cent These changes occur within 10 dajs to 2 
weeks after operation and persist for more than 2 jears Since the 
changes in the three functions are approximately proportional, they 
conclude that reduction in function is due to a decrease in the number 
of active nephrons, a decrease which they interpret to be protective 
All three functions can be restored to the preoperative level by infusing 
saline It may be that the dogs were not keeping themselves in fluid 
balance, or were not studied under conditions of balance, or, what seems 
more hkel), there was significant injury of the anterior lobe 

EFFECTS OF POSTERIOR PITUITARY EXTRACTS OY ELECTROLYTE EXCRETIOY 
It has long been accepted that pitressin (and ADH) induces chloruresis 
(increased chloride excretion) bj promoting the excretion of sodium 
(natnuresis) (Chloride has been followed in man} more observations 
than has sodium ) This effect is far from invariable, however The prob¬ 
lem is complicated by the assertion that, in rats, pitocm is sometimes 
more effective in this respect than is pitressin »»«.m •«.»*« However, m 
view of the fact that pitocm produces a significant increase m the filtra¬ 
tion rate in rats,“* it seems unwise at the present time to accept this as a 
specific tubular effect * 

The chloruretic (or natriuretic) effect of pitressin as a specific 
tubular effect is rather less debatable, though still equivocal 
iE=,2«Himiss9 iwsh i n ^ out of 4 diabetes insipidus dogs studied by 
Shannon, 1 * 0 the intravenous administration of pitressin (10 milli 
umts/hr or less) increased sodium and chloride excretion without a 
change in the filtration rate, an effect which was reduced when the 
animals were moderately hjdrated (possibly because of the reduced 
filtration of sodium) In a fourth dog, how ev er, the hormone was without 
effect on sodium or chloride excretion \\ hen present, increased sodium 
excretion sometimes produced a higher electrolyte concentration in the 
unne during hormone antidiuresis in the diabetes insipidus dog than was 
usually observed dunng oliguria at comparable unne flows in the normal 
dog Thus the increased sodium excretion sometimes operated to limit 
the degree of antidiuresis or, where large doses were given dunng the 
oligunc state, to cause an increase in urine flow Anslow, Wesson, 
Bolomey, and Taylor M find that in hydrated normal dogs (where 
presumably there is a minimal endogenous secretion of ADH) and under 
conditions otherwise conducive to stable sodium excretion and when 
changes in filtration rate can be excluded, the rate of excretion of chloride 

* Speaes differences may also be involved in the action of pitressin on sodium 
reabsorption 
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on discontinuing pitressin infusion (15 to 30 milliumts/hr ) fills to one 
half or less the maximal rate during pitressin infusion Changes in sodium 
and potassium excretion general!j parallel changes in chloride excretion 
In experiments with no water load (presumabl) with maximal endoge 
nous ADH) no significant change in chloruresis was observed when 
pitressin was administered or discontinued Pitocm (26 milliumts/hr) 
had little or no antidiuretic or chloruretic effect under an) condition 
They conclude that the pressor antidiuretic fraction is chloruretic, but 
that this chloruretic action is demonstrable onl> when endogenous 
secretion is minimal (ic during water load) Their evidence does not 
show that the chloruretic action is specificall) attributable to the inti 
diuretic hormone, but it presumabl) is since this igcnt predominates 
over pttocin in the commercial preparation b) a ratio of 10 to 1 
Other investigators hive filled under various conditions to obtun 
a chloruretic effect Hire, Hire, and Phillips * IT found that, in diabetes 
insipidus dogs receiv ing 2 5 per cent sodium chloride solution at a rate 
of 10 cc/min , chloride excretion was wholly independent of whether 
pitressin was infused or of the rate of pitressin administration, although 
graded antidiuresis was obtatned with increasing doses of the latter 
They conclude from these experiments and their experience with normal 
animals that pitressin docs not facilitate chloride excretion Crutchfield 
and Wood <S7 report that pituitrin in doses of 20 units had no effect on 
sodium excretion in man, and the effects of even massive doses of 
pitressin on chloride excretion in man arc reported b) I ntle el fl/ tm to 
be highly variable, sodium excretion sometimes being increased and 
sometimes decreased Smith and Maeka) 1,14 obtained an increase tn 
the 24 hr excretion of sodium and chloride in normal subjects with 
pitressin but obtained negative results in a subject with diabetes in 
sipidus, as did Tborn and Stern, ,r * who obtained decreased excretion 
In the experiments of Barela), kennej, and Nutt,'* j 25 to 2 5 units 
of pituitnn consistent) increased chlonde excTction and counteracted 
the chlonde retention which is associated with exercise ttn 

£VTRAREVAL ACTIOS Of ADH 

Tvadcnce that ADH ma> act extrarerall) in mammals, causing a re 
dtstnbution of water or electro])tes between Pood and tissues, is 
slight m Such changes as ma) occur in the composition of the Uood 
following ADH administration or neuToh\poph>*ectomv can in general 
be interp'ctetl in terms of water retention or water loss, associated with 
changes in electronic balance mumg secondan!) from changes m the 
filtration rate and narnure<is * U " T ltr •*«.*«xe** 
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ANTIDIURETIC FACTORS IS URINE 

The fate of ADH in the plasma and the excretion of antidiuretic <ub- 
stances in the urine have been extensively studied b) the Burn *** rat 
test method In this test, 1 groups of rats are prehjdrated, and 1 group 
is injected subcutaneously or mtrapentoneallj with the material to be 
tested, the effects upon water diuresis being followed by a variety of 
methods * »*>*ui7o 

An mtrav enous rat assay method described b> Jeffers, Livezey, and 
Austin l,n is said to be accurate with doses of as little as 20 microumts 
of pitressin The rabbit has been used for intravenous ,si - au * and 
mtrapentoneal 51 assaj Hare, Melville, Chambers, and Hare ,!J have 
used intravenous injections in the diabetes insipidus dog, observing the 
changes in endogenous creatinine U/P ratio, and unoperated dogs have 

* Hare, Hare, and Phillips ** T ha\ e suggested a test for antidiuretic substances 
based upon the changes in the so-called R/P ratio for chloride. In calculating 
this ratio, they consider all the reabsorbed chloride to be dissolved in all the re 
absorbed water, and compare the resulting chloride concentration, Rci, with 
that of the plasma, Pcj They recognize the empirical nature of this calculation, 
which merely reveals whether or not in its net renal operations on chloride and 
water the organism at any moment is maintaining the status quo with respect 
to plasma chlonde concentration it is a spot test that shows the direction of 
change in chlonde water balance If the ratio is greater than I o (as when o $ 
per cent sodium chlonde is mfus«d) the net operation ts such as to increase Pci 
above its immediate value by the excretion of unne more dilute in chlonde than 
the plasma, if the ratio is less than 1 o (as when 2 o per cent sodium chlonde is 
infused) the net operation is such as to reduce Pci below its immediate value 
by the excretion of unne richer in chlonde than th- plasma, if the ratio is 1 co, 
the net operation is such as to maintain Pci at its immediate value In bnef, 
the calculation is merely an elaboration of the easily determined fact, whether 
the unne is more concentrated or more dilute in chlonde than the plasma. The 
chlonde U/P ratio shows the siemficant changes better than the R/P ratio, 
for example, in penod y, part 3, of table 1, in this paper, Uci — S- z and Pc1 = 
431 mg/100 cc., showing that the dog is losing more chlonde than water, vet 
the R/P ratio = 0995, and is recorded as 1.00, 1 e. the R/P ratio savs the 
same thing as the U/P ratio, only in the nature of the calculation it is cons d 
erably blunted 

Moreover, the s'gmficance of changes in the R/P ratio (or the chlonde U/P 
ratio) with respect to secretion of the antidiuretic hormone should be qualified 
by the assumption that this hormone is the only mechanism under th- condi 
cons of the expenment which will cause the ratio to deviate from 10 It is con 
ceivable that chlonde excretion might be accelerated independently of water 
reabsorption and without reference to the antidiuretic hormone, as would be 
the case if chloruresis were induced by adrenal hormones or by pharmacody 
namte agents Neither the R/P ratio nor the chlonde U/P ratio is a rebab’e 
index, therefore, of secretion of the antidiuretic hormone. 
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been used after proper water loading (Raisz and Ralli, pers com ) lm 
Attempts have been made to assay the antidiuretic actmtv of human 
blood by the transfusion of large amounts of blood into water loaded 
recipients **' ur 

In order to increase the antidiuretic activity and remove inert con 
stituents, some investigators have dialyzed urine through cellophane 
or collodion membranes, although pitressm ^ and posterior pituitary 
extracts 1 * 0 have been shown to lose activity rapidly on dialysis, and 
Lipschitz and Stohey , * 1 * were unable to retain the antidiuretic acttvttv 
of urines from dehydrated rats, using the method of dialysis described 
by Gilman and Goodman 7,0 Dialyzed urine has been concentrated by 
nr evaporation without apparent loss of antidiuretic activity Precipita 
tion of blood with alcohol is said to leave an alcohol soluble antidiuretic 
factor in the supernatant fluid, 101 while others lU1 precipitate with zinc 
sulphate and potassium ferncyamde, extracting the precipitate with 
alcohol The active factor in urine and pitressm solutions may be ab¬ 
sorbed on collodion membranes and subsequently eluted with acid, , * uw * 
while others have used permutit absorption 

The fate of injected posterior pituitary extracts has been studied in 
the rat, IM -* M rabbit,* 1 * *° cat, 10 " dog (Raisz and Ralli, pers com),* 1 * 
and man (Raisz and Ralli, pers com ) 1 u After ev cn large doses, activity 
disappears from the blood in a few minutes, and onlv a fraction is ex 
creted in the urine Heller •“ has shown that plasma and many tissues 
bind the antidiuretic principle in pituitary extract and that this bound 
material will not dialyze and is not active on rat subcutaneous assay 
but has an antidiuretic effect when administered intravenously to the 
hydrated rabbit Theobald has also demonstrated binding on plasma 
proteins and red cells 

Gilman and Goodman r ' T,fl were the first to correlate the state of 
hydration with the presence of antidiuretic material in rat unne After 
dialysis and concentration, unne from deh) drated rats and rats receiv mg 
hypertonic saline per os was antidiuretic. Prolonged dehydration (more 
than i* hr) did not increase the yield of antidiuretic material, and ro 
antidiuretic activity was obtained from the unne of hydrated rats or 
from dehydrated hypophvsectomized rats These observations have 
been confirmed in the rat,*' 14,1 cat, 1 *** and man, ,ri using the rat method, 
and tn the dog using a dog assay method m * 1 Walker, using an intra 
venous rabbit assay, was unable to correlate the presence of the anti 
diuretic substance obtained from unne by collodion absorption or after 
dialysis with the state of hvdration in rabbits and cats, and even found 
such activity in the unne and cerebrospinal fluid of hvpopbvsectorurtd 
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animals. Arnold,® 5 using the rat method, found equal amounts of anti- 
diuretic activity in the urine of normal and hypophysectomizcd dogs 
after dehydration. Harris ,IS reports that electrical stimulation in the 
region of the supraoptic nucleus in the rabbit produces antidiuresis and 
the urinary excretion of an antidiuretic material. Antidiuretic activity 
has been reported in the urine of normal men after fainting. 50 * 1 Utschitz 
and Stohey 1518 report that in dogs the antidiuresis of morphine, pre¬ 
sumably mediated through the neurohypophysis, is accompanied by 
the excretion of an antidiuretic substance in urine. Untreated adre¬ 
nalectomy was followed by the appearance of antidiuretic activity in 
the urine of cats, 11,1 whether the animals were dehydrated, or hydrated 
to the point where the plasma sodium concentration was reduced. 

The urine of toxemic women appears to contain excessive quantities 
of some antidiuretic material, as judged by the rat method.* 51 ' 5087 
Krieger and Kilvington 1170 initially reported antidiuretic activity in 
urine from normal pregnant, pre-eclamptic, and eclamptic women, but 
subsequently they questioned the relationship to eclampsia. 1171 Ham and 
Landis * 81 compared the properties of the antidiuretic substance they 
obtained from the urine of normal, pregnant, and toxemic women 
with those of pituitnn; the latter was not concentrated by the ultra- 
centrifuge, was chloruretic, and dialyzed through cellophane membranes, 
the antidiuretic material in the urine differing in all three respects. Fresh 
saline extracts of the posterior pituitary gland were chloruretic and 
dialyzed slowly. Press juice from the gland w'as only partially concen¬ 
trated by the centrifuge These authors also obtained an antidiuretic 
substance from the placenta of eclamptic patients which resembled the 
urine material 

Robinson and Farr 17,5 reported antidiuretic activity in the dialyzed 
and concentrated urine of nephrotic subjects with edema. This material 
was found on several occasions to disappear with spontaneous diuresis. 
Rail), Robson, Clarke, and Hoagland 1171 found that the urine of cirrhotic 
patients contained large amounts of an anridiuretic substance that was 
not chloruretic. Smaller amounts of activity were found m dehydrated 
normal patients and in cirrhotics who had not developed or who had 
recovered from ascites. The administration of serum albumin to patients 
with cirrhosis produced no change m the excretion of antidiuretic sub¬ 
stance. 1 * 81 Leslie and RalU 1555 also found antidiuretic activity in the 
urine of rats whose livers were damaged by high fat diets and who showed 
blunted water diuresis. Hall, Frame, and Drill 887 have confirmed these 
observations in cirrhotic patients, but report that normal rats have as 
much antidiuretic material in their urine as those with liver damage 
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and, if h) dration is maintained rats with ltv er damage can hav c a norma! 
water diuresis Stueck, Leslie, and Rail: !<m have shown that unne con 
centrntes can be adsorbed on permutit and subsequent!) eluted with 
acetic acid to give a material which has enhanced anttdiurctic potencj 
These chutes, as well as some concentrates, have caused cessation of 
urine flow in rats for as much as 300 min , an effect that cannot be 
duplicated with pituitary extracts Noble, Rindcrknccht, and WH 
hams 1U1 report antidiuretic acm ity tn the urme of a patient w ith hj per 
tension, achlor>h>dna, diminished glucose tolerance, and h>perchromic 
anemia, who was believed to suffer from h>perfunction of the posterior 
pituitary Dlls and Grollman w * also report antidiurctic actiut) in the 
urine of patterns with essential hjpertcnsion and in renal h>pertcnsive 
dogs and rats Grollman and Woods m report that oxidation of pttressin 
by hydrogen peroxide destrojs the chloruretic but not the (rat) anti 
diuretic activitj Increased antidiurctic actiut) is also reported m the 
urine of patients with infectious hepatitis, ,IM and Bcrfu, Kokiw, and 
Massie report antidiurctic matena! in the urine of patients tn con 
gestive heart failure, as demonstrated b) intravenous administration in 
dogs, but they state that it apparent!) is not the same substance as 
commercial pttressin 

Dialyzed dog and human urine is also reported to contain a mildly 
diuretic substance when tested b) intravenous injection in the dog ,lu 

ANTID1LRETIC FACTORS IN BLOOD 

The search for antidiuretic actiut) in the blood and urine of patients 
with pre-cclampsia was suggested to Anscimino, Hoffmann, and Ken 
ned) u b) the fact that large doses of pituitar) extract coupled with 
overh)dration produce edema, convulsions, and h)pertension in dogs, 
a phenomenon now clearl) recognized as water intoxication ,,M These 
investigators reported that collodion ultrafiltrates of plasma from tox 
emte patients were antidiurctic when injected intrapcntoncall) into 
rabbits and pressor m the decapitated cat (In addition the filtrates 
expanded frog melanophores) Attemp's to duplicate this work using 
the same technique, using the intravenous dog assay method, or using 
transfusions to normal recipients have all failed to )ie!d positive 
results 1,11,1 

Page ,,c reported tint small amounts of pituitnn added to human 
blood tn -in0 and allowed to stand for 30 to 60 mm beferc transfus on 
produce a definite antidiurctic response m suital 1) prepared recij ent? 
II) this means he was unalle to demonst'ate an> de ectable quantitv 
of antidiurctic material in 500 ec of blood from nc rma! fastirg donors, 
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from donors who had received large amounts of pituitnn just before the 
transfusion, or in 400 cc of blood from patients with eclampsia or pre¬ 
eclampsia Neither was there any effect on blood pressure Walker T ~ s 
found antiduretic activity in rabbit blood during dehydration, using a 
collodion absorption method, but Hare, Hickey, and Hare,* 1 ' using an 
intravenous test in dogs, could not show any antidiureOc activity in the 
blood of dehydrated dogs 

Anti diuretic activity is reported m the serum of hypertensive patients, 
this activity decreasing after irradiation of the pituitary gland, although 
the blood pressure is not reduced, ,,s and in the serum of pregnant women 
and pregnant rats, as well as in the serum of rats receiving repeated in¬ 
jections of anterior lobe extract and anterior pituitary like gonadotropic 
extract (only one strain of rats proved to be satisfactory) Irradiation of 
the pituitary inhibited the production of this antidiuretic material 
Birnie, Jenkins, Eversole, and Gaunt r * report that fresh rat serum is 
antidiuretic by the rat intrapentoneal assay method, and that this ac 
dvity is enhanced by adrenalectomy Large doses of thcelm, pro¬ 
gesterone, testosterone, and antuitnn S did not modify the excretion of 
anudiuretic material by dehydrated rats ,u# Transfusion of large 
amounts of blood from individuals with postsyncopal oliguna has in 
hibited diuresis in hydrated recipients 

Although the posterior pituitary gland is generally implicated in these 
studies, the source and nature of antidiuretic activity is not established 
Both differences and similarities between pituitary extracts and unne 
antidiuretic material have been reported in respect to inactivation 
by boiling, neutralization, and strong alkali by many of the above- 
mentioned investigators, but the absence of chloruresis in almost all 
studies, the different behavior on dialysis, and Schaffer, Cadden, and 
Stander’s Ir * demonstration that the material in eclamptic unne is re 
sistant to destruction by nitrous acid indicate that it is not identical with 
pituitnn or pitressm The problem is complicated by the fact that many 
organic (glutamic acid, arginine, tyrosine, gelatin) as well as inorganic 
substances (cadmium, nickel, zinc salts) potentiate the action ofpitressin 
in the Bum rat (subcutaneous) test, apparently by slowing adsorption 
from the site of injection **Mw.rn The antidiuretic and pressor activities 
of pitressm are increased by boiling with acetic aad. ,S4S 

Pick 1418 has emphasized the role of the liver in water metabolism, not 
only as a storage organ but as the producer of diuretic and antidiuretic 
hormones Antidiuretic material has been found in alcoholic extracts of 
minced liver by Theobald and White. 254 * Schaffer, Cadden, and Stan 
der m obtained an anti dm re tic material from liver (which, like that m 
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eclamptic unne, resisted nitrous acid) bj the same method Drill and 
Frame report that as little as o I cc of crude and pure liver extracts 
and intraheptol are antidiuretic in rats (None of these agents has been 
tested in diabetes insipidus animals to see if it acts by way of the neuro¬ 
hypophysis ) Baez, Mazur, and Shorr (pers com) have shown that 
VDM or ferntin, as well as the iron free moiety of ferritin, arc anti 
diuretic when given intravenously in rabbits and dogs, but this action is 
apparently mediated by excitation of the neurohypophysis (Moreover, 
VDM is not excreted in the unne except in severe renal damage ) 

Neither the role of these materials in human water balance nor their 
mode of action on the rat kidney has been established The chief evi 
dence for their possible physiological importance is the frequent corre 
lation between antidiuretic activity and edema Although the effect on 
rats is presumed to be on renal water reabsorption, the decrease in chlo¬ 
ride excretion the occasional complete and prolonged suppression of 
urine flow, and even deaths of the test animals suggest an accompany 
mg hemodynamic or toxic effect Most disturbing is the recent demon 
stration (Raisz and Ralli, pers com ) that the antidiuretic substance in 
concentrates prepared from the urine of patients with hepatic cirrhosis 
(and in eluates prepared by permutit adsorption of urine from both 
cirrhotic and normal subjects) is totally ineffective in inhibiting water 
dircsis when given intravenously in large doses to the hydrated dog, 
although these preparations are very potent in evoking anttdiuresis 
when given intrapcntoneally to the rat In the dog, the material mav 
cause a rise in filtration rate, unne flow, and salt excretion, but water 
rcabsorption is not accelerated 

In evaluating subcutaneous and intrapcntoneal tests for antidiuretic 
substances, it must not be overlooked that a painful stimulus can itself 
evoke strong antidiuretic activity in the dog, and this is presumably 
true in the rat Almost anv subcutaneous injection can be painful, and 
the intrapcntoneal injection of test matcnal in the dog in the water's 
laboratory has given evidence of considerable pain It is pertinent to 
note that, although maximal water diuresis can be obtained in the dog 
under chloralose anesthesia, antidiuretic activity can still be induced ly 
a.painful stimulus Hence the subcutaneous or mtrapentoncal injection 
of matenals of unknown nature into rats with the ncurohy'pophyssv m 
tact can yield at best an amb guous result 

Furthermore, <tnce commercial pituitary extracts have not been dem 
onst rated to be identical with ADII comparison of antidiuretic materials 
of unkmwn nature with pituitnn or pitrrss n does no* m itself answr- 
the question of pituitary origin It «'e*ns bkclv t’u* the anti’urtnc 
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material excreted in the urine in dehydration and after salt loading is 
of pituitary origin, and that the antidiuretic activity of the urine after 
the intravenous injection of pitressin reflects the excretion of the anti¬ 
diuretic factor in this preparation. But it is clear that the substance in 
the urine of cirrhotic patients is not ADH, its normal excretion product, 
or pitressin, despite its antidiuretic activity in rats, since it has no anti¬ 
diuretic activity in dogs. As the data stand, about the only conclusion 
to be drawn is that the demonstration of antidiuretic activity in the 
rat affords no reliable information on the secretion of ADH or its ex¬ 
cretion m the urine. 

REGULATION OF NEUROHYPOPHYSIAL SECRETION 
OSMOTIC PRESSURE OF PLASMA 

It is clear that the secretion of ADH is mediated in response to 
some change in the state of hydration of the body. Earlier in¬ 
vestigators were divided on the question whether or not actual 
dilution of the blood occurred during the degree of hydration 
which is entailed in ordinary diuresis/ 10 but it is now established 
that such dilution does occur, although the changes are of a very 
small order of magnitude. The administration of water in large 
quantities to dogs and man produces a perceptible decrease in the 
protein content, electrical conductivity, and total osmotic pres¬ 
sure of the plasma, and of the iron, hemoglobin, sodium, and 
chloride of whole blood. By delicate viscosity measurements to 
detect changes in protein content of the plasma, and by precise 
measurements of conductivity to detect changes in electrolyte 
content, White and Findley and Govaerts and Vemiory MB 
confirm the view of Priestley, Rioch, Baldes, and Smirk, and other 
investigators cited by them, that diuresis following water in¬ 
gestion results primarily from an increase in the mol fraction of 
water in the plasma * (fig. 48). When water is administered per os, 
sodium chloride moves into the dilute intestinal contents during 
the early part of the absorptive period and this intestinal raigra- 
* The distinction between water content of plasma and mol fraction of water 
is important Thus the percentage content of water in plasma (grn. of water 
per 100 gm of plasma) is increased by addition of a sltghdy hypertonic salt 
solution, while the mol fraction of water (fraction of total number of molecules 
and 10ns present represented by water molecules) is decreased. The latter de¬ 
termines die colliganvc properties of a solution; it is proportional to the aqueous 
vapor pressure and hence to the osmotic pressure. 
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non may run ahead of water absorption in producing the hemo- 
dilution responsible for the initiation of diuresis. 111 

Chambers, Melville, Hare, and Hare,”* by following the chlo¬ 
ride R/P ratio (see footnote, p. 264), the excretion of hormone 
in the urine, and the inhibition of water diuresis in the test animal, 



Fiovke 48. Blood dilution and diuresis in man resulting from the irgestion of 
tooo cc. of water The blood dilution is indicated b> the change in vapor p-e»- 
sure in terms of an osmoticall) equivalent sodium chloride solution. (Balde* 
and Smirk. w ) 

and comparing the action of hypertonic solutions of sodium chlo¬ 
ride, sodium sulphate, and urea, conclude that it is the change ir» 
the osmotic pressure of the plasma rather than changes in any 
specific ingredient (sodium, chloride, etc.) that determines the 
response of the neuroh>poph>sis. 

The extent of plasma dilution at the peak of diuresis following 
the ingestion of i liter of w atcr by man amounts to at most 3.5 per 
cent; if all the ingested water were immediately distributed 
throughout the body water of a 70 kg. man, the expected dilution 
would be about 2.5 per cent. 
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Gilman and Goodman 780 first used the administration of hy¬ 
pertonic sodium chloride in rats (50 cc/kg. of 5 per cent solution) 
to stimulate the release and urinary excretion of the antidiuretic 
hormone, and, as judged by the presence of antidiuretic material 
in the urine, they concluded that deh>dration combined with the 
intravenous injection of 10 per cent sodium chloride could in¬ 
crease the rate of hormone liberation in cats as much as loo-fold. 
The administration of salt decreases the amount of ADH in the 
rat’s pituitary and increases by fifteenfold the number of mitoses 
in the pituicytes,** 7 and rats kept on a diet deficient in water for 
5 to 7 days show a large decrease in the content of both the pressor 
and oxytocic principle. Fasting for a week, fighting, electrical 
stimulation, forced muscular work, adrenalectomy, and the ad¬ 
ministration of large amounts of isotonic saline for several days 
do not influence either the pressor or oxytocic activity of the 
gland. 18 * 7 

In an exquisite series of experiments, Verney 11n - 11081104 has 
show-n that antidiuresis can be evoked in dogs by the injection into 
the carotid artery of hypertonic solutions of sodium chloride, so¬ 
dium sulphate, and sucrose in quantities too small to have an ef¬ 
fect when given intravenously. His results indicate that the 
osmoreceptors are bilateral and supplied by blood from the in¬ 
ternal carotid arteries. The osmoreceptors, when perfused uni¬ 
laterally, are activated by an increase of 8 mg/100 cc. of chloride, 
or 2 per cent increase in the osmotic pressure of the blood, 
and fail to show adaptation during a perfusion period of 40 min., 
although on other grounds slow adaptation over a matter of days 
is to be expected. Presumably an increase of 1 per cent would be 
effective during bilateral perfusion. The rate of hormone secretion 
during antidiuresis induced by intracarotid perfusion corresponds 
to 1 microunit/sec., and suffices to reduce the urine flow to sub¬ 
stantially less than 1 cc/min. Glucose is less effective than sodium 
chloride and sucrose, presumably because the osmoreceptors are 
to some degree permeable to this substance; an increase in blood 
glucose of 90 mg/100 cc. fails to elicit an antidiuretic response on 
prolonged infusion. Urea is also without any effect, presumably 
because the osmoreceptors are freely permeable to it. Findley 
has pointed out that the paraventricular nucleus and, more par- 
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ticularly, the supraoptic nucleus have an unusually rich blood 
supply, suggesting a chemorcccptor function. Vcrney tentatively 
suggests that the osmoreceptors may comprise a number of ves¬ 
icles, ranging in diameter from 10 to 100 ft, located in the supra¬ 
optic nucleus, the total unilateral surface area of which is of the 
order of 1 sq. mm. 

Even allowing for the characteristic delay between maximal hy¬ 
dration of the body and maximal diuresis, the rate of urine forma¬ 
tion is not invariably proportional to the degree of hydration of 
either tissues or blood, and an almost normal diuretic response 
may be obtained when the tissues and blood arc dehydrated,’** 
or when the osmotic pressure of the blood has previously been 
elevated by salt administration.* 1 On the other hand, the reduc¬ 
tion of the osmotic pressure by chronic salt depletion does not of it¬ 
self induce diuresis. It would appear that it is not the absolute 
value of osmotic pressure but a relatively rapid change in that 
value which produces the diuretic response. In any case, it may be 
anticipated that the response of the osmoreceptors will to some 
extent be conditioned by the pre-existing state of the blood, i.e. 
they will display adaptation comparable to the ‘set of the center’ 
evident in other integrated neurologic phenomena. No simple ex¬ 
planation, however, serves to explain the presence or absence of 
water diuresis under all circumstances (Addison’s disease, cardiac 
failure, cirrhosis, and other conditions frequently characterized 
by hyponatremia), and other factors can as yet only be adum¬ 
brated. 

Hickey and Hare *" have used hypertonic saline in man to test 
the functional capacity of the ncurohypophysis, noting both the 
R/P ratio and the decrease of water diuresis in the recipient, and 
have demonstrated that I of 3 subjects with mild polyuria showed 
a normal response to this test and excreted an antidiurctic sub. 
stance in the urine. By removal from pitressin therapy this sub¬ 
ject’s water exchange was reduced to normal, and it was concluded 
that her polyuria was the result of poljdipsia. 

w attic muRrsis and Dr lav n«r 

By a variety of method*, numerous observers have shown tha? the peak 
of diuresis docs not occur until well after the maximal hjdration of 
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plasma * 859 ma The delay time between the peak of blood dilution and 
maximal diuresis in dogs and rats is 15 to 20 min tu “«■««* and averages 
37 mm in man 850 This delay between maximal hydration and maximal 
diuresis is still evident when water is given intravenouslj, 1517 but it is 
reduced in rats by the repeated administration of water * iM8S 



Figure 49 Left simultaneous diuretic response of normal and denervated 
kidney in dog to water per os Right effect of pituitary extract subcutaneous!) 
(Kiisiecki, Pickford Rothschild and \ cme> 111 llM ) 


A senes of observations by Baldes and Smirk 78 on a subject who had 
drunk a liter of water is shown in figure 48 These authors report that 
the maximal decrease in total osmotic pressure is reached in 25 to 45 
min after water ingestion and amounts to 1 5 to 2 75 per cent 

* This interval is, of course, longer when one adds the time required for 
intestinal absorption In the dog diuresis does not begn until 40 mm and 
maximal diuresis is not reached untd 50 mm or more after water admimstra 
tion **■ the average interval between water administration and peak of 
diuresis in 5 does averaged 101 min before, and 95 mm after destruction of 
the supraoptic nuclei in 3 other dogs this interval was 105 min before, and 
110 mm after hypophysectomy '* *•»” 

Does we ghing 10 kg absorb "50 cc of water m 36 mm ,u * or 40 cc/ke in 
40 min ,«» cats 40 cc/kg in 35 min ,** 1 rats 50 cc /kg m 30 min •“ Anesthes a 
delays intesunal absorption “ 
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Kbstecki ft al ,llt concluded thit the delay between maximal h)dra- 
tion of the body and maximal diuresis is attributable to the time re¬ 
quired for ADH to disappear from the blood They found that the de- 
la} tune is reduced in a diuretic animal and increased in a deh>dratcd 
animal, and Pichford w “ showed that when pituitarj extract is ndmmis 
tcred in constant doses the degree of inhibition of water excretion is 
roughl) inverse!) proportional to the existing water load in the bod), 
a result that is consonant with the belief that the total antidiuretic 
effect is due to the summation of the endogenous and exogenous moie¬ 
ties of hormone * 

If it is supposed that the osmoreceptors show adaptation to the os¬ 
motic pressure of the plasma, as suggested above, the fact that water 
output a!wa)s returns to norma! sooner than docs the osmotic pressure 
of the plasma * in ma) be attributable to this adaptation f 

PHV SIOLOGICAL MFDIATIOS OF DIURESIS ASD ASTIDIURESIS 

Khsicchi, Pichford, Rothschild, and Verne) 11,1 exteriorized the 
ureters of a dog so that the urine from each hidncj could be col¬ 
lected scparatel) Thev observed that the response of the two nor¬ 
mal hidnc)s during water diuresis is gcnerall) closcl) parallel, 
though one hidne) ma> occasional!) lag behind or run ahead of the 
other throughout the diuretic response This parallelism in re¬ 
sponse has been observed b) others in the dog*” and in man 
(Michie, pers com ) m ™ \Vh> a difference in the temporal re¬ 
sponse of the two hidne)s ever exists is unexplained. 

* Shannon,**•* however, ha* observed the same phenomenon in diabetes in¬ 
sipidus dogs, and stipulated that the intrinsic activity of the distal tul ule and 
therefore the susceptibibt) to the anttdiurctic hormone vanes with the water 
load Summation may involve endogenous hormone, intnnsic tubular activity, 
and exogenous hormone 

t The view that delay time is related to destruction of endogenous hormone 
has hern enticired b) White and his coworkers,* 1 ' l,,M who find in man 
that the same average interval (8j min) intervenes between the ingestion of 
water (loco to ijco cc ) and the crest of dturcsis, whether it is the first dnnk 
or a second foPowing shortlv aficr an initial diuretic response (Para ‘oxtcab), 
one sulject showed no lap between water al sorption and increased enre out 
put with a first drink, possdlj because of an anticipatory conditioned rc^ex ) 
White an I hi* coworkcrs also p< «nt out that the time relations of the response 
to a large dv*e of water are not s emt-cartl) altered in d abetse animal*, a po»nt 
also noted by Pickf nJ ani Hitch e ,,, ‘ MthougS these arguments aga rst \er¬ 
ne) a p*-s t o i carrot all Ik answered at this tunc, some of them do not seen 
jarticularly cogent and reed not be reviewed in detail. 
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That renal denervation does not produce diuresis in the normal, 
unanesthetized dog has been repeatedly demonstrated (ch xn), 
and unilateral denervation does not produce diuresis on the de- 



nervated side in man Denervation diuresis is observable only 
in anesthetized animals or under conditions where it may be as¬ 
sumed that there is vasomotor excitation from circulatory in 
adequacj or other causes, and it then represents release from 
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neurogenic or adrenergic vasoconstriction.” 7 - 1 * 5 * The renal nerves 
play no part in water diuresis in hypophysectomized and decere¬ 
brate dogs. I0 ‘ Denervation of one kidney does not affect the di¬ 
uretic response to water as compared with the control, either 
quantitatively or in respect to time relations, nor does denerva¬ 
tion affect the response to ADH, as is shown in figure 49. 

A variety of circumstances can prevent water diuresis by induc¬ 
ing reflex secretion of ADH or by vascular changes in the kid- 
ney, ,,M Thus diuresis is abruptly arrested by vigorous muscular 
exercise in both dog and man, the innervated and denervated dog 
kidneys responding in an identical manner (fig. 50). The anri- 
diurettc effect in the dog diminishes with repetition, indicating 
central conditioning. 51 ” The effect in man is not invariable l7 * and, 
if marked, is accompanied by reduction in renal plasma flow and 
filtration rate.**-”' Noxious or painful stimuli * evoke an equiva¬ 
lent antidiuretic response in the innervated and denervated kid¬ 
ney. 14 ” Adrenalin and the sympathetic nervous system play a 
part in this response, but antidiuresis may occur without changes 
in renal blood flow and in splanchnisectomized clogs.f »**•*>»«.«'>» 
Antidiuresis is evoked in rabbits anesthetized with chlnralose- 
urethane by painful stimuli before but not after destruction of the 
pituitary stalk, and stimulation of the intact stalk has a similar 
effect.** 1 Antidiuresis is also evoked in rats by the so-called 'alarm 
reaction’ elicited by nearly lethal doses of adrenalin, cold, form¬ 
aldehyde, etc. 14 * 1 Syncope associated with the prolonged main¬ 
tenance of the passive erect posture is accompanied by oliguria of 
abrupt onset and lasting for 15 to 90 min.; here there is moderate 
reduction in the filtration rate but the evidence also indicates in¬ 
creased secretion of ADH. Transfusion of blood from subjects 
with postsyncopal oliguria to water-loaded subjects is reported to 
reduce diuresis in the 

* Emotional atress was produced by sounding an electric motor horn rear the 
animal, and p*m by faradie stimulation through needle electrodes interred into 
the subcutaneous tissue of the flank, the strength of stimulus in each ease Ix-i-g 
just enough to cause definite resentment. 

t Renal ischemia produccj by ecmprrsi’on of the renal artery produces an 
immediate cessation of urine flow but recovery is also immediate (t to 4 min.) 
on removal of the arterial clamp, whereas after ncrcise, etc-* recovery cf d-u. 
revs requires some 30 to 60 nrin. m * 
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O’Connor and Verney ,5 “ have shown that the antidiuretic re- 
sponse evoked by noxious stimuli is abolished or largely reduced 
by removal of the posterior lobe (fig. 51). The stalk and infundib- 



Figure 51 Inhibition of water diuresis by emotional stress in the dog Three 
hundred cc of water were gi*en at 2ero time. Ordinates show the rate of urine 
excretion over the interval before each plotted point, the inters als being usual!} 
2 5 mm At the arrow the dog was excited for a period of I min b) a weak faradic 
current through needle electrodes in the flanks Half-dots, control, solid dots, 
26 da>s, open dots, 32 days after removal of the posterior lobe. (O’Connor and 
Verney 18n ) 

ulum were left intact, and, by quantitative comparisons of the re¬ 
sponse before and after operation relative to the response to known 
quantities of hormone, these investigators conclude that the resid¬ 
ual functional tissue in their operated animals, which is adequate 
to prevent the permanent phase of polyuria, amounts to about 5 
per cent of the normal. The quantity of ADH normally required 
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to inhibit water diuresis in the dog is of the order of i milliunit,* 
which agrees with Shannon’s conclusion that graded diuresis is 
obtained by the intravenous administration of i to 5 mtlli- 
units/hr.f 

O’Connor and Verney >***-* ,B * report that faradic stimulation of 
the flank during water diuresis sometimes evokes a rapid, transient 
inhibition attributable to vasoconstriction in the kidneys; t after 
denervation of the adrenals and the kidneys this transient in¬ 
hibition is replaced by the prolonged inhibition typical of ADH. 
The presence of both types of inhibition in any one experiment is 
variable, and only after the exclusion of the adrenals and the renal 
nerves does the typical ADH inhibition appear consistently. ADH 
inhibition can be prevented by the injection of adrenalin or tyra- 
mine just before faradic stimulation. Since these substances do 
not diminish the antidiurctic action of exogenous hormone, the 
authors conclude these substances inhibit the pituitary secretion 
which would otherwise be evoked by afferent nerve stimulation, 
and that variability in sympathetic activity explains the absence 
of ADH inhibition in some tests and its presence in others. 

The intravenous administration of acetylcholine to unanesthetized 
dogs causes anttdiurcsis (with chloruresU), while in dehydrated (oli¬ 
guric) dogs acetylcholine causes diuresis (with chloruresis). These effects 
disappear after posterior lobectomy, indicating that acetylcholine evokes 
secretion of ADH. The effect is not blocked by atropine, which places 
it in the category of nicotine-like effects of acetylcholine . 1 * 11 Nicotine 
itself is antidiuretic in the norma! but not in the hypophysectomizcd 
rat. This antidiurctic activity is also evident in man, and sufficient nic- 

* Burroughs Wellcome ‘Infundin’ was used and standardized to contain to 
international oxytocic units/cc. One milliunit signifies the antidiurctic activity 
of to -4 cc. of this extract. 

Hart and Verney calculated that spontaneous diuresis in man is due to a 
fall in the concentration of ADH to less than l part of hormone in 15,000,003,003 
part* of plasma. 

t Assuming that the hormone is restricted to the blood stream by adsorption 
on plasma protein, 20 cc. of dog’s blood at the height of anrid'urtt;* would 
contain only 0.03 milhunits; since the Bum rat test will not detect let* than a 
milliunit*, this test is * hviouslv inadequate to detect phyiuolog-'cal changes in 
the hormone concentration of the blood. 

tThe author and hi* cowurher* hate observed a comparable phenomenon 
in man where urtthral catheterization was painful; i.e. a marked and per* stmt 
decrease in filtration rate and renal bkwd fiow accompanied by o* guria. 
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otine Is absorbed from one cigarette to cause an tidi uresis for 2 to 3 hr 
m sensitive individuals 195 Nicotine also inhibits alcohol diuresis in non 
smokers without a change in filtration rate, but it maj increase diuresis 
in smokers As Eggleton tc notes, nicotine stimulates both the sj mpa 
thetic and parasympathetic s> stems and the pharmacological signifi¬ 
cance of its action, and of the difference between smokers and non 
smokers, cannot be determined until it is ascertained whether the supra 
optic nucleus is to be considered part of the sjmpathetic or paras) mpa 
thetic sjstem 

Numerous other drugs show marked antidiuretic activitj, in the case 
of yohimbine _ ' 5 the action has been demonstrated to be on the pitui¬ 
tary mechanism, and presumabl) this is the case with other agents 
[histamine, 7 * 1 some impurity in heparin, 1117 \anous organic bases (adren 
ahn was without effect), 1Iie atropine,* choline, etc.“ Ils!M,l!U1! * , I How 
much of the antidiuretic action is mediated through the necirohypoph)- 
sis, how much is vascular, and how much is a direct action on the tubules 
is undetermined 

Marshall and Blanchard 17,9 hare shown that 2-ph enyl-j hydrox) and 
2-meth) 1 3 h)drox) cinchonimc acid inhibit water diuresis in intra 
venous doses of 20 mg/kg , the latter being the more effective These 
compounds are without effect on the creatinine clearance in this dosage 
and are effecme as antidiuretics when administered orall) The) are 
effective in diabetes insipidus patients (who presumably ha\e some se 
cretor) tissue left) but it appears from the available data that they act 
through the neurohypoph) sis 

Eggleton 650 has shown that alcohol (in non anesthetic doses) is 
diuretic in man, the s olume of unne excreted (not corrected for control 
flow) by one subject averaging about loo cc for every io gm of alcohol 
consumed between a dose of io and 6o gm t The diuresis is inhibited by 
pitressin and appears to result from diminished secretion of ADH, 
though it is not determined whether the alcohol acts directl) on the 
pituitary or on its hypothalamic connections The onset of diuresis is 
delay ed for ao to 30 min and is initiated b) the increase in blood alco¬ 
hol concentration, failing to be maintained if this concentration is kept 
stead), e\en at a high level The degree of diuresis resulting from a 

* Issekutz and Hetenyi ,,M assert that atropine exerts an antidiureoc effect 
m hypophysectomized rats, but this problem is too complicated (or 1 ntetprt 
tation 

f Urine was collected by voiding, but the author reports that the subjects 
appeared to experience no difficulty in attaining complete emptying of the b!ad 
der, except occasionally when in an advanced stage of intoxication. 
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gncn dose varies wide)} in different individuals, this variation depend 
mg on the natural rate of absorption and possibl) on a variation m the 
sensitivit) of the pituttarj mechanism, as evidenced b) variations in 
the diuretic response to water 

1 he diuretic response to alcohol differs marhcdl) in one respect from 
the response of the cerebral cortex The latter is most affected b> the 
rate of increase in blood alcohol concentration, the greater this rate of 
increase, the greater the disturbance of function at an> absolute con 
centration The diuretic response, on the other hand, is dependent 
mainl) on the duration of increasing blood alcohol concentration, and 
not on the rate of increase The naturallj slow absorber, therefore, tends 
to give a larger diuretic response than the rapid absorber 

At equilibrium, the U/P ratio of alcohol per unit of water is close to 
l o Apparentl) the tubules, at least the distal tubules and the collect 
ing ducts, arc freel) permeable to it * 

Bader, Eliot, and Bass 71 have studied the phenomenon of ‘cold di 
uresis (exposure to «S°C) and found no change in endogenous creat 
mine chromogen clearance or renal plasma flow Diuresis is inhibited 
by standing and bj walking and readil) inhibited b> pitressm, and so 
resembles simple water diuresis that the authors infer that it represents 
diminished secretion of ADH 

Baez, Mazur, and Shorr (pers com) have shown that Ircf liver 
\ DM, cr)stalline ferritin, and apofcrntin, in doses of 150 /igm nitro¬ 
gen Ag or more, injected ns a single dose or infused over a period of 30 
to 50 min , exert an antidiurctic action in the dog and raid it Antibod) 
formation to heterologous ferritin diminishes this effect V DM appears 
to act through the ncurohjpophjsial mechanism, since it did not have 
an antidiurctic action in 4 diabetes insipidus (stalk resection) dogs In 
antidiuretic doses, \ DM has no effect on blood pressure, filtration rate, 
or renal blood flow 

Repeated flashes of bright light at brief intervals cau«c diuresis over 
a period of 3 hr in rats, a reaction which dies not occur if the e>es are 
covered” The authors believe that optical stimuli acting over the op- 
tico-hjpothilamieo-hvpophjsnl pathwi) d sturb the secretion of water 
balance factors from the ncurohj pophj vis \ceelcratorv frrcc, either 
positive or negative, suppresses unne formation in rats during apphea 
titn and is followed bj transienr d uresis which is mhib ted 1 v \DII 
Repeated datlj exposures to accelerator) forces f >t al*out th'tc weeks 

• Realnorption 1 y the Ha I fer was n t checked 1 n » pwnt m pht be *» 
etam n rg f ' practical rca« n*. 
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lead to albuminuria and pathological changes in the kidney, behe\ed 
to be referable to renal anoxia ,S9< 

The water intake of rats is automatical!) adjusted to water output 
through the thirst mechanism, even as water output is adjusted to wa 
ter intake through the supraopticohjpophj'ual mechanism When out¬ 
put is reduced by the administration of pitressm, the intake of dilute 
food is promptlj reduced, the urge to ingest fluid being stopped by the 
accumulation of water m the body When one and one half kidne)s are 
excised in rats, maximal water diuresis is greatl) decreased but recovers 
within 4 weeks after operation to a rate two-thirds as rapid as before 
The intake of fluid food is decreased for only a week, at which time in¬ 
take and output have returned to control values 11 

Dicker m has shown in rats that water diuresis is marked by three 
phases (a) the absorptive period preceding the onset of diuresis and 
characterized by a dilution of the plasma accompanied b) a decrease 
in the sodium and chloride concentration of both plasma and tissues, 
and a decrease in the extracellular fluid volume, (b) the excretory pe 
nod, corresponding to the height of water diuresis, accompanied b) an 
increase in the sodium and chloride concentration of muscle and a de 
crease in potassium, and resulting in an increase of the extracellular 
fluid volume and a decrease in intracellular fluid, (c) the terminal pe 
nod dunng which all the values above return to normal Jn hypopro- 
tememia, water diuresis is dela)ed and blunted because plasma dilu 
tion is diminished, the water accumulating in the extravascular com 
partments 

Weller* 1 ** has attempted an analysis of the extracellular and tntra 
cellular water in the cortex and medulla of the rat kidney dunng deh) 
dration, water diuresis, and saline diuresis He assumes that chloride is 
confined to the extracellular fluid, an assumption which is not sup¬ 
ported by the studies of Ljungberg, U55 and that the tubular urine is 
identical in chloride content with the bladder urine, an assumption 
which is unwarranted The derived data cannot confidently be accepted 

Studies in overall water balance in several mammals, cold blooded 
animals, and invertebrates under a variety of conditions have been com 
pactly summarized b> Adolph n 

EFFECTS OF ANESTHESIA ON THE NEUROHV POPHYSIS 

It is well established that anesthetics and related drugs (ether, chloro¬ 
form, paraldehyde, urethane, amytal, barbital, morphine, codeine, dico- 
dtd, nembutal, demerol, etc) reduce or prevent water diuresis, the ef¬ 
fect varying with the anesthetic, the depth of anesthesia, and the am 
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ma! used Wo m!,< * in4 * ,5e5 • ,,4, Though absorption from the gas 

trointestinal tract ma> be dch>cd b> the anesthetic, this does not ac¬ 
count for the inhibition of diuresis, which is still present when water is 
given mtraaenouslj •'* “ ,T Tee r * suggested that in the normal animal 
there is some mechanism that inhibits the secretion of ADH, and that 
under anesthesia this inhibition is removed and secretion released 
Morphine (25 to 50 mg/hg of sulphate either subcutaneouslj or 
tntravenousl>) is particular!) effective m inhibiting water diuresis in 
the normal dog, as demonstrated b> de Bodo *’* This inhibition is not 
diminished in dogs with I adrenal removed and the other dencraated 
and demcdullated, or b> atropimzation It is independent of any effects 
upon gastrointestinal activit), and is caidcnt onl> if 'omc part of the 
neuroh>poph)sis is functional!) intact Since morphine does not po¬ 
tentiate the action of exogenous antidiurctic ho-mone, de Bodo con 
eluded that it brings about the increased secretion of M)H cither 
through a release phenomenon* or b) direct stimulation of some part 
of the h) pothalamico-h) poph) sial s) stem Ph) sostigminc potentiates the 
action of morphine indicating that this action is mediated by acct)! 
choline Morphine does not inhibit saline diuresis, or tnlubits it to a 
lesser degree than water diuresis Handles and Keller 01 confirm the 
antidiuretic action of morphine in normal dogs, but find that it is also 
effective in dogs with high stalk section and diuresis amounting to 3 to 
4 hters/da) • 

Kraushaar et af utl den) that morphine acts via the pituitarv mecha 
msm in normal women, but, as de Bodo points out, 4 '* the two women 
with alleged diabetes insipidus who were tested with morphine and 
showed antidiurcsis must base had considerable neurohvpophvsial tis¬ 
sue, because their unne output was well below that of established dia 
betes insipidus 

Phenobirbita! sodium given intravenous!) cither in full (ocS gm/kg ) 
or half anesthetic (004 gm/kg) doses also inhibits water diuresis m 
normal dogs, but the inhibitor) effect is less mirked than with mo*, 
phinc Avcrtm, amjtal, phenobarbital, and pentobarbital arc similarlv 
acme but to a much less degree I ike morphine, the barbiturates do 
not exert an inhibitor) effect on water diuresis unless some part of the 
neuroh)poph)st* 14 mtact m m Diuresis is inhibited m rabb ts b) ure¬ 
thane, luminal, paraldchvde, and chlorofo-m mto The onlv aoes»hctic« 
of record that appear to have no inhibitor) effect on water diuresis a*c 
chloral hvdratc and chlorosane (chloralo'c), * >4 '* ** the lat'cr has Irccn 

# Ths mav rr^evt secretion from res d mI smctify t sue in ***** mo* *1 
cm itrcr 
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recent!} used in water diuresis studies on dogs in the writer's labors 
tor} with apparent!} maximal diuresis and no complications 

THE ALLEGED DIURETIC ACTION OF PITRES3IV 

It is typical of the history of this complicated problem that the first ob¬ 
servations on the action of pituitan extracts upon urine formation, re 
ported b> Magnus and Schefer” 5 * in anesthetized animals, indicated 
(falsely it is now seen) a diuretic action During the next 15 >ears 
numerous investigators confirmed this, and it was not until 1913 that 
the characteristic antidiuretic action was noted independently b) 
von den Velden and Fanni, to be confirmed quickly by man} investi 
gators In 1917, Motzfeldtpresented evidence that the di 

uretic action was a ph}siologically fallacious phenomenon due to un¬ 
suitable conditions of observation 

In anesthetized animals there is increased if not maximal secretion 
of ADH, * the unne is maximally or ncarl} maximall} concentrated 
and, m some cases, the filtration rate is reduced, contributing to oil 
guna In such animals posterior pituitar} extracts may cause a rise in 
blood pressure and changes in glomerular activity,! as well as an in 
creased excretion of sodium chloride. These two effects operate against 
the antidiuretic action of ADH to produce a moderate increase m unne 
flow Such diuresis’ as is obtained in ohgunc, unanesthetized dogs maj 
be attnbutable to chloruresis alone ,sc There is no evidence for the ex 
1 stence of a truly diuretic principle in any part of the pituitary gland 
(including the pars antenor) and the essential action of the oil} hor 
mone related to water excretion so far isolated from the neurohvpo- 
ph}sis is an antidiuretic one 

It is unfortunate that *0 man} early observations on renal function 

•The oliguria observed in water intoxication •**»••» may in part be due to 
the release of excessiv e ADH 

t Pituitnn has a diuretic effect in rabbits anesthetized with morphine and 
urethane and alread} rendered diuretic by the intravenous infusion of sucrose 
or by phlorizin, the diuretic effect bang accompanied bj a parallel increas* 
in filtration rate. 1 ”* However, since both morphine and urethane l _ ad to in 
crea<ed secretion of ADH, and since sucrose diuresis, or glucose diuresis in the 
phlonzmized animal, elicits proximal diuresis, since glomerular actintv is 
high!} sensitive to sympathetic excitation in this species, and since pitressin 
may influence the excretion of sodium chlonde as well as glomerular acmitr, 
these experiments are difficult to interpret. In the normal rabbit, ADH exerts 
a typical anticburcuc action ,m 

The effects of small and large doses of pituitnn m mice , ** 4 are tminterpret 
able because of possible v asoraotor and chJoruretic actions of pitressin and pito- 
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were nvide upon animals in a state of anesthesia The use of sedatives 
and anesthetics has vitiated man) observations m phvsrolog), but in 
no field has it led to more confusion than in the present one Jnvestiga 
tors have learned that anesthetized animals ma> be highlj abnormal 
and that the results obtained on them have little bearing upon the nor 
mal, and the) arc using their talents to develop methods which as far 
as possible can be used upon unancsthctizcd animals, without more 
pain, ps>chical or ph)stological disturbance than need be caused in 
man for the same purpose 

Another complication is presented b> choice of species for expenmen 
tal work, the rabbit is unsatisfactor) because of the ease with which 
renal ischemia is induced, with resulting interdependence between urine 
flow and filtration rate, 1,1 the common animal most closel) resembling 
man is the dog, but even here there are differences in glomerular d) 
namics, susceptibiht) to diet, etc, of which the investigator jJiould be 
aware 

I ipschirz and Stoke) m * have recently adduced evidence from which 
the) argue the cifistcnce of three different mechanisms of anttdiurcsis 
(i) the secretion of ADH, (2) nervous control of the hidne) (in the rat), 
and (3) a humoral antidiurctic factor in the dog other than \DH In 
respect to (i), the) find that, in both dog and rat, ADH, acct)lchohnc 
and phcnobarbital inhibit water diuresis in both the innervated and 
denervated hidne), phcnobarbital showing no antidiuretic activit) in 
neuroh)pophvsectomi 7 cd dogs, morphine, while inhibiting water diure 
sis, simultaneous!) causes an increased urtnar) excretion of antidiuretic 
substance in the dog These results arc all consonant with the simple 
ncuroh)poph)sjal thcor) With respect to (2), the) find that in rats 
with denervated kidnejs, although pitressin and phcnobarbital are still 
antidiurctic, morphine loses most of its diuretic action, indicating that 
in this species morphine antidiuresis ma> l>c attributable in part to 
renal vasoconstriction The) state that the rat, unlike the dvg, does no* 
excrete an increased quantit) of antidiurctic substance under the ac 
tton of morphine In respect to (3), \DH, acctjlcholire, and phenobar 
bit a! do not inhibit the diuresis caused b> sodium chlori le, melanin**, 
formoguanamine, or caffeine It is well known that ADH will not in 
hibit salme diuresis and there is no rcavm to expect acctjlch hne o* 
phenobarl ttal to do so It is conceivallc that me^mre ard fvr*> 
guanamirc, when given dunrg ohguna increase the unne fl >w t y cV 
vation of the filtration rate or natriurrm, and m such 3 ca e it it rt>* 
to Ik expected that ADH, ace'vlch hoc, or j Voobarl ta! w u* J have 
an antidiurctic effect Morphine inhibits form ogua nan ire d u*cs * in 
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both rat and dog, in the rat this antidiuretic action has already been in 
terpreted b) the authors as largelj \ascular in nature, hence (if true) 
this presents no paradox In the dog, the ‘diuretic’ action of formo- 
guanamme is so small (o 18 to 024 cc/mm 01 er the control period) 
that the alleged antidiuretic action of morphine is scarcelj demon 
strated Sodium chloride diuresis increases the urinary excretion of an 
antidiuretic substance, nhereas no increased excretion occurs during 
melamine, formoguanamine, or caffeine diuresis This is to be expected 
if the last three compounds produce glomerular diuresis or induce chlor 
uresis The fact that morphine causes an increased excretion of anti 
diuretic substance during formoguanamine diuresis is not incompatible 
with its action in the normal animal Hence the evidence presented b) 
Lipschitz and Stoke) is inadequate to challenge the simple pituttarj 
theory 

CONDITIONED REFLEXES IMOLV1NC DIURESIS 
Marx Ml * and others hare shown that diuresis can be induced m man 
by hypnotic suggestion It has further been shown that dogs repeated!) 
gnen water under constant circumstances may respond with diuresis, 
eien in a denenated kidne), to a conditioned stimulus when this is ap¬ 
plied unaccompanied by water > ,,0 ' ,,, - ,,4C, ' r7 uu -“ u while Eagle 11 * has 
shown that the normal diuretic response to water may be inhibited by 
a conditioned reflex. Although the higher centers are not necessar) for 
either the induction of diuresis or the action of ADH, m 04 it is 

clear that the supraopticohypoph) sia! system has abundant connec 
tions with the brain stem and cerebral cortex, and consequently the 
effects of drugs such as caffeine, theophylline, adrenalin, morphine, al 
cohol, etc, as well as circulatory changes such as syncope, shock., and 
feier, must be interpreted cautiously 

A disturbing element in the neurohypophysial theory is the recent 
assertion by Bykow, cited by Gantt, 145 that conditioned reflex inhibi 
tion of unne formation can still be obtained in a dog hypoph) secto- 
mized by the ring method (diabetes insipidus ? ) unless the kidne) is de 
nervated The implication is that the conditioned reflex operates by 
such profound renal 1 asoconstnction as to lead to oliguria If confirmed, 
this indicates that a conditioned reflex ma> be more powerful m indue 
ing renal vasoconstriction in this species than are man) severel) noxious 
stimuli The demonstration of renal vasoconstriction after afferent stun 
ulation of a painful nature is of course not new, the role of the svmpa 
theac nervous system in the oliguria produced by noxious stimuli has 
been discussed by Rydm et al Verney, 1366 - 1205 and Pickford Irt 
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ROLE Or THE PARS ANTERIOR, Tin ROID, AND OTHER CLANDS IV DIABETES 
INSIPIDLS 

One point which has been a nexus of confusion tn all experiments on 
diabetes insipidus is the role of the anterior pituitary gland At one ex 
treme is the majoritv opinion that full and permanent polvuna does not 
develop after total h>poph>sectom), when presumabl) all parts of the 
pitmtarj, including the anterior lobe as well as all ncuroh)poph>$ta! 
tissue, have been removed At the other extreme are those who contend 
that anterior lobectomj docs not interfere with the development of 
polyum, and that the failure of others to obtain it is attributable to 
the circumstance that a protective vestige of functional ncurohvpo 
plijsnl tissue has been left in the animal In between are a vtrict) of 
opinions in regard to the direct or indirect influence of the anterior lobe, 
the function of this organ involving, as it does, nearl> all other endo- 
ennes 

\on Hann in 1918 stated on the basis of her clinical experience that 
poljurn develops in man when the posterior lobe is destrojed onl> if 
pars anterior tissue is left, and this conclusion has been affirmed cxpcri 
mentallv In man> investigators Careful distinction must l»c made l>e 
tween the so called transient phase and permanent polyuria The cf 
fccts of anterior lobectom) arc probab!) not immediate, no matter how 
mediated, and pol>una ma> be maintained for a short period in com 
pletc!) h>poph)scctomired animals \earl) all investigators agree, 
however, tint xvith time the poljuna diminishes or disappears as the 
loss of the anterior lobe comes to be felt* 1 e the anterior lobe is neccs 
sar) for the maintenance of maximal polyuria (For a fuller review of the 
literature see fisher et */“*) ihhok.kmt «v.mru. 1 

There mi) be species differences in the effects of anterior lobectomv, 
po!)una apparcmlv being less reduced in the rit than in the cat,** 44 ** 
), ut t {, c present evidence is inadequate to answer the que* 
tion Heinbecher and White* 41 * 1 * contend that full diabe'es in«ipidus 
follows total hvpophv sectom)* including removal of the anterior Jobe 
(pars distalts), as proved h) <enal sections of the h)pothalamus and 
of «cllar contents or of deealcifed sella with contents Over a period cf 
months the diabetes recedes, however, a circumstance which the) at 
tnlutc to slow atrophj of the adrenals and thy-o d. Thev state that 
when suFcicnt thvrt d and dmoxvct rt et ster ~c are administered » 
multaneousl) to the to*a!l> hvpophv sectorized c*eg, tlie ad btionaj a 1 
m mstrati n of an’eror lol>e extract decrease the un*r outpu', rathe- 
tl an mere as rg it The) believe that tf e p rorrtc of tl c an-eru- Ic** 
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ma> permit polyuria to occur tn the presence of a slight residuum of 
functional neuroh) poph) sis (median eminence, etc), which, m the ab¬ 
sence of the anterior lobe, would suffice to prevent the development of 
polyuria, and the) attribute the conflicting results obtained by others 
to incomplete remo\al of neuroh) pophysial tissue Keller nos -uo* S j mt 
lari) contends that a small functional remnant of neurohypophysial tis¬ 
sue is able to present polyuria in the absence of the anterior lobe, but 
that if all this tissue is removed characteristic polyuria wall develop in 
the absence of that lobe The presence of the anterior lobe, however, 
intensifies this polyuria He further believes that secreton tissue is pres¬ 
ent in or near the anterior hypothalamus and that ablation or destruc¬ 
tion of this tissue is necessar) to obtain polyuria 

Remov al of the anterior lobe, with or without destruction of the neu 
rohypophjsis, diminishes the diuretic response to water, and Water m 
toxication is easily obtained *hi#«u« * Although Pick ford and Ritchie ,ei * 
report that the reduction in water diuresis precedes the reduction in fil 
tration rate, changes in glomerular tubular balance must be weighed 
carefull) in interpreting blunting of water diuresis, as must also dinun 
ished function of the adrenal cortex (ch xil) 

The administration of anterior lobe extracts to normal dogs produces 
polyuna, lM -* 0,8 - s " and restores polyuria in hypophysectomized dogs and 
cats **** M -* ,r such extracts appear to be less effective in hvpophysec 
tomized rats,' 854 - w though some investigators report a positive result 
and conclude that the diuretic action m rats is unrelated to growth and 
appetite responses 151 

Thyroidectomy has no effect on the fluid exchange of otherwise nor 
mal animals and the administration of th)roid produces at most a mild 
diuresis 945 1,85 i* 8S -* IJ71 ” although th)roid and hyperthyroidism increase 
the rapidit) of development and maximal rate of water diuresis and in¬ 
crease resistance to water intoxication * 70 7iims 

However, thyroidectomy marhedl) reduces, although it does not abol 
ish, polyuria in diabetes insipidus dogs, cats, and rats and thyroid ad 
ministration to such animals restores polyuria, while thyroid adminis¬ 
tration tends to increase polyuria in diabetes insipidus and may induce 
polyuria m operated animals in which diabetes insipidus is latent 
(fig 52) »«.'**.*«. «*«.*« «»toij.uM.HH me !«««.* n of thyroidcc 

tomy on polvuna is not attributable to a change m metabolic rate since 
dimtro-orthocresol or o-dinttrophenol does not have a comparable ac 
tion ***.***.*»» Hyperth) roidism exaggerates and thyroidectom) reduces 
the water exchange in some types of clinical diabetes This effect 
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of thyroid Is absent in rats after hypophysectomy, even when combined 
with anterior lobe extract. ,#M * ,,, * ,,, ' sm 
In connection with the role of the thjroid in diabetes insipidus, at. 
tention may be called to an observation of de Bodo and Marine/” All 
diabetes insipidus dogs that lived over 4 years showed at autopsy a very 
small thyroid, which was, however, histologically normal in having cu- 



riccitr 52. The effect of th) iridectomy and of the subsequent feedirg of th>- 
nrd on the fluid exchange of a cat with diabetes insipidus. The solid line rep. 
resents the imnc output, the broken line the fluid intake. (Fisher, Ingrain, and 
Hanson ,M ) 

boidal epithelium. Tins situation is in contrast to that seen in hspophv- 
sectomized animals (i e. with the anterior lobe remcned) where the thy¬ 
roid remains of normal size, but on histological examination the epi¬ 
thelium of the gland proses to be flat and of the non-funcrionirg tjpe. 
All the diabetes insipidus docs in these experiments had a w e!I-function- 
tng anterior lobe, as show n by their response to insulin, adrenalin, fast¬ 
ing, etc. The significance of this thjroid atrophy in long survivirg d a- 
betes insipidus animals is not clear. It may represent a compensatory 
adjustment. 

Anterior lobe extract d cs not increase the water excharpeof thjmid- 
cctomtrcd or thjroidectonuzed-hjpophjscctomtzed d<xp, but *t d 1 *?* 
produce a marked diuretic response if maintenance doses of thsro'd are 
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gnen It is White and H»inbecker’s * in belief that the anterior lobe 
contains a principle which is ineffective in the absence of the thjroid 
but which is not the thjrotrophic hormone, since th> roidectomized and 
th>roidectomized hypophys-ctomized dogs fail to respond to anterior 
lobe extracts when thyroid is not administered but do respond on main 
tenance doses of thyroid Bmll 178 reports that kidne)s from thyroid 
treated dogs, when transplanted simultaneous!) with control hidnejs 
to a donor anesthetized with chloralose excrete more unne and gi\e a 
larger response to norma! saline infusion and to hvpophj s-ctomy than 
do controls However, Hare and his colleagues 9,4 report that prolonged 
administration of thyroid raises the threshold of the renal tubules in dia 
betes insipidus docs from o 5 to more than zo microunits of ADH and 
the) believe that this decreas-d sensitivity to ADH contributes to the 
diuretic action of thyroid in latent diabetes insipidus This explanation 
however, would apply to hypophy sectomized dogs only if one assumes 
the presence of some residual antidmreac tissue, such as Keller "** be 
heves is present in the anterior hypothalamus 

It has been suggested that the diuretic effect of the anteno- lobe is 
mediated throuch the adrenal cortex,* n - cu,s *»w but Schwetzer, Gaunt, 
Zinken, and Nelson ltu have shown that adrenotrophic preparations are 
anti diuretic in long term hypophysectomized rats, they will rot pre 
vent the subsidence of the initial polyuria which follows hypophysec- 
tom>, and 'alt free adrenal cortical extract and desoxj corticosterone 
acetate have no effect on fluid balance. Failure to correct the effects of 
hypoph) sectomy in diabetes insipidus dogs by adrenal cortical extract 
and desoxy corticosterone are reported by others Irs -- a The adrenal cor 
tex is, however, involved in the blunting of the diuretic response to 
water in hypophysectomized rats, a phenomenon which is repaired b) 
cortical extract or desox) corticosterone 19 u 

Castration and ovariectomy have no effect on diabetes insipidus *** 
It is alleged that the administration of estradiol benzoate to man de 
creases water output, whereas anterior lobe extract increases it, the ac 
tion of the former compound being attributed to inhibition of anterior 
lobe secretion 

These views seem to be far apart but it may be concluded tha , a! 
though the absence of the anteno- lobe diminishes the seventy of pol> 
una, this gland is not immediately necessary for the production of di 3 
betes insipidus The important point is that the an tenor lobe secretes a 
powerful renotrophic hormone, in the absence of which the filtration 
rate (as well as renal blood flow and tubular excretory fonction) is 
marked!) reduced (ch xv) and that m the face of a substantial reduc 
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tion m filtration rate it is impossible to obtain a typical water diuresis 
The conflicting results m this problem arc doubtless attributable to 
differences m the degree to which the filtration rare has been reduced 
in various animals, the completeness of destruction of the ncurohjpo- 
ph)stal tissue, and other incidental factors 
The further examination of the problem requires a quantitative stud) 
of glomerular tubular balance after vinous operative procedures The 
anterior lobe and th>roid have both been shown to have profound 
trophic effects upon the ksdnc), increasing the filtration rate and tubu 
lir activit) (Tmp, Tmn) when administered in excess, and renal func 
tion is significant^ depressed in absence of cither gland Anterior lobe 
extracts appear to be relativcl) ineffective in the absence of the thjroid 
(or th)roxm) The adrenal cortex profoundl) affects renal function b> 
upsetting salt and water balance and perhaps in other wa>s, while the 
metabolic load of nitrogen and salt delivered to the renal tubules pro¬ 
foundl) affects the magnitude of diuresis Until examination of these 
variables is completed, it seems best to avoid the term diuretic* in con 
ncction with the anterior lobe because it implies that this gland partici 
pares in a positive rather than a permissive manner in maintaining po!) 
una and that it acts in specific opposition to ADU The present evidence 
docs not conclusive!) establish cither view 

CUMCAL D1ABFTES INSIPIDUS 

Diabetes insipidus ma> appear in man as a result of the pathologic 
or traumatic destruction of the supraoptic nucleus, in which case 
there ma> be some involvement of the anterior lobe, although, if 
the latter is severe, polyuria fails to develop The disease also ap¬ 
pears as an inheritible character, gencrallv without evidence of 
anterior lobe involvement I orssman, r> who reviews the rather 
complex features of hereditar) transmission (the disease is ap¬ 
parent!) inherited in more than one wav), speaks of pohuna when 
the regular output of unne exceeds coco cc, though n most 
hereditarv cases the output in voung adults is 8 to 12 liters, nrels 
ashtcji as 28 htcrs/di) In some coper cent ofclmical cas^sonan 
unrestricted diet, the urine volumc av enges under 8 hrers/dav, in 
57 per cent between S and 12 liters, and in 22 per cent over 12 
liters ,M A 'mall number of cases (t to it pc- cent) of the hcrcdi 
tar) t\pe arc defimtdv refractor to postero- lobe extract, a cir¬ 
cumstance which on the present eaidcntc wool \ indicate lack of 
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responsiveness on the part of the renal tubules, 1 ” 185 m or neuro¬ 
genic or ps> chogenic pol) dipsia 

Not all patients with diabetes insipidus can be controlled by antidiu 
retie preparations, in some, thirst is not great!} affected and they con 
tinue to drink large quantities of water during therap} On the other 
hand it is reported that the anudiuretic hormone maj relieve thirst in 
20 min even without the administration of water, 11 "* but psjchic effects 
were not controlled in this stud} Fisher et al ,s * believed that, in view 
of the possibility of ps}chic effects, such cases could not be accepted as 
evidence for the pnmacy of pol> dipsia They ate the experiments of 
Kunstmann, who found that after the ingestion of 10 liters of water 
daily for many da}s he suffered from tortunng thirst when he at 
tempted to discontinue the experiment It is possible that b) virtue of 
excessive drinking thirst may take on a compulsor} character which is 
either psychicall) conditioned or secondar) to changes m salt metabo¬ 
lism These authors conclude that the fact that a small number of pa 
tients with diabetes insipidus are refractor) to treatment with antidiu 
retie pituitary preparations cannot be accepted as a crucial argument 
against the view that this disorder is basically due to a defioency of 
ADH In this connection, however, attention should be called to the 
report that during a period of diabetes insipidus in a patient with tran 
sient polyuria, the patient’s serum contained a substance that inhibited 
the action of ADH in the rat test, while, during the period of rcco\cry, 
an antidiuretic factor was present in excess The pitressin inhibiting sub¬ 
stance was not found in the serum of 2 patients with chronic diabetes 
insipidus 17M 

In 7 subjects with diabetes insipidus studied by Winer *** the filtra 
non rate, renal plasma flow, and filtration fraction appear to have been 
within the normal range when, in the antidiuretic phase, the) were main 
tamed b) therapy with pituitary extract The subcutaneous adminis¬ 
tration of pituitar) extract (unspeafied) produced a transient decrease 
in d odrast and lnultn clearances with a nse in filtration fraction, an 
acute effect which subsided in 15 to 20 min , the inulin clearance return 
mg to the control level, the diodrast clearance to values above the con 
trol level despite persistent anti diuresis Comparison of function with 
and w ithout medication indicated that during uncontrolled diuresis the 
diodrast clearance may range from 20 to 60 per cent below the clear 
ance during medication, a fact probably referable to dehydration * The 

♦Winers belief that the extraction ratio may be reduced is controverted 
by his evidence on Tmn and by the experimental evidence of White and his 
co workers. 11 **■** 11 
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inulin clearance and diodrast Tm remained rclam eh constant in bo*h 
phases No correlation existed between diodrast clearance, mulin clear- 
ance, and urine flow during developing diuresis 

In one subject studied b) Williams and Henry *' n the filtration rate 
was 106 cc, the renal plasma flow 4C0 cc, Imp 277 mg iodine and 
Tmo 417 mg The patient was initial!) allergic to pirressin but, after 
dcscnsitization, large doses of pi tress in had little effect on water excre 
iton Other members of the patient’s famil) had had polvuna The fault 
was apparcntl) genetic, transmitted b) females, and appeared during 
tnfanc) in males No antipitressm factor could be demonstrated in this 
patient’s plasma, and the authors infer that poijuna represented a con 
genital dcficicnc) in the distal tubule 
A peculiar case of poljuria is reported by Dvegve and Samsoc Jen 
sen 111 A bo), aged 12 years, had suffered from excessive thirst and poly 
uria (4 luers/dav) since the age of 2 to 3 years Serum calcium, phox 
phorus, plasma protein, and bicarbonate were normal, and urologic ex 
aminatton was negative During the \ddis concentration test, the urine 
had a specific gravity of 1 004 The tnubn clearance was ti 7 cc / sq m 
(17 per cent of normal) and the urea clearance 13 to 15 cc On simulta 
neons determination the whole blood urea plasma mulin clearance ra 
tio was 1 03 (assuming 45 per cent cells, 70 per cent water m the cells, 
and 8 per cent protein in the plasma, the plasma clearance ratio wou*d 
have been abour o 9) The diodrast clearance was less than 100 cc , and 
the inulm/diodrast clearance ratio was about o 20 The recorded inulin 
U/P ratios ranged from 4 to 5 Only the rcmarkablv low filtration rate 
could have kept this patient in water balance and alive I rom the data 
one may suspect severe injury of the distal tubules, with jxmiblv some 
impairment of proximal rcabsorption 
A low salt diet decreases unne flow, as in experimental diabetes n 
siptdus, while a high salt intake ircreascs it, in both instances wi*h no 
change m sensitivity to ADM Desoxvcorticrrtre*xine acc’ate produces a 
positive sodium balance with gun in weght, but does no* ma*cnallv 
reduce urine volume”* 

Tlie cficcr* of p-rgnancy upon the dnca*e a*c v anal V ,T 
Beaser m has analysed the relation between unne vi lume and Vc 
excretion in mmm dav of patients on various dels, and findv a fa r 
1 rear corrtlatim < f the type 

\ ** \ $ -*■ $ rm*a 

where V is the uin- vo’u-'e tn liter*-* dav, p»r;v 'ticnal *% * csr'-j?***, 
mos*’' the mn of the r Hiovria’ar ev,oiea'cn* r a," I * o- 



294 AXTJDIURETIC HORMONE AND EXCRETION OF WATER 

chloride excreted in the urine and V 0 an intercept on the V axis S and 
Vo range widel) in different individuals, but the author succests that 
the relationship is characteristic of each patient, the greater the value 
of Vo the greater the excess water requirement independent of dietary 
load S he conceives as representing a basic distal tubular concentrating 
pattern characteristic of each patient 

Changes in protein concentration and colloid osmotic pressure m dia 
betes insipidus 863 are rather too complex to interpret at the present 
time 

Aqueous solutions of pitressin have long been used to control diabetes 
insipidus in man, and recentlj pitressin tannate in oil (subcutaneouslv) 
has been recommended, since the antidiuretic action is prolonged some 
24 to 96 hr* H ' 852 - 8M * ,r ^ :fl0S ** r * Zinc salts have a similar effect.*®” 



CHAPTER XI 


Excretion of Sodium and Other Strong Electrolytes 


FLUID COMPARTMENTS OF THE BODY 
In previous chapters emphasis has been placed chiefly on the ex¬ 
cretion of waste products or foreign substances which arc destined 
to be completely removed from the body, or on substances, such 
as glucose, for which the kidneys constitute a barrier preventing 
wasteful excretion. As we turn to the consideration of electrolytes, 
emphasis must be redirected from processes of excretion to proces¬ 
ses of conservation and to the specific role of the kidneys in the 
regulation of the composition and volume of the body fluids. 

Water is the chief constituent of the blood, body fluids, and 
tissues, and in reptiles, birds, and mammals the kidney, supple¬ 
mented by the thirst mechanism, is the chief effector organ that 
regulates the concentration of w-ater in the body by virtue of its 
capacity to excrete greater or lesser quantities of this substance. 

The most fundamental consideration in this connection is the 
supposition that water, after distribution in the circulating 
plasma, moves freely into all tissues of the body and that, under 
conditions of equilibrium, it is distributed in such a manner that 
the vapor pressure (or osmotic pressure) of all tissues and internal 
body fluids is the same, except in so far as a difference mav be 
maintained dynamically by hydrostatic pressure or tissue tension 
The digestive secretion of water is itself of a considerable order 
*** 
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of magnitude, as is shown by Gamble s m estimates quoted in 
table iv 

TABLE IV 

Approximate 24 hour Quantities of Digestive Secretions 


Blood plasma volume 

3500 « 

Sain a 

1500 cc. 

Gastnc secretion 

"500 cc 

Bile 

500 cc. 

Pancreatic juice 

~03 CC. 

Intestinal secretions 

3000 cc. 


8200 cc 

However, in most discussions of ‘bod) water’ these digestive 
secretions need not be considered, since no large quantit) of fluid 
is present in the digesti ve tract at any one moment For most pur 
poses, the cerebrospinal fluid and secretions of the serous cavities 
can also be neglected We are then left with three nominal com 
partments the plasma fluid, the interstitial fluid and the intra 
cellular fluid, the plasma and interstitial fluid together comprising 
the extracellular fluid Numerous methods, at best approxima¬ 
tions, have been used in the past to estimate the volume of these 
compartments, but recent investigations center attention upon 
the d>e T 1824 for the measurement of plasma volume, inulin for 
the measurement of extracellular fluid volume, and heavv water 
(D 2 0 ) for the measurement of total bod> water The intracellular 
fluid volume is calculated b) difference 

Data on these three compartments in dog and man are given m 
table v ,,M K * TSI **® s tta9 ,s,a ,su 

TABLE v 

Distribution of Body Water in Per Cent of Body JVetgkt 

Extracellular Intracellular Total body 
Plasma volume fluid volume fluid volume water 

Method T 1824 space Inulin space By d fference D O space 
Dog 5 54 * *9 4 43 6 63 o 

Man 4 31 t 160 37 ° 53 

• Average figure tiled from Hopper el at 53 
f Average figure <3ted from GTboo and Evans’** 

J Average figure Cited from Berger rf el *= 
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Osmotic work on water is apparently never done within the con¬ 
fines of the body, '['he lymph, tissue fluids, gastrointestinal secre¬ 
tions, bile, cerebrospinal fluid, etc., are all essentially isosmotic 
with the plasma. The only exceptions to this rule arc the saliva 
and sweat, both of which arc hypotonic. The hvpotonicity of the 
sweat possesses the physiological advantage of conserving sodium 
chloride, and the hypotonicity of the saliva is perhaps related to 
the role of this secretion in the control of water ingestion through 
the mechanism of thirst. 

That water is uniformly distributed throughout the body in 
relation to osmotic pressure has been said above to be a supposi¬ 
tion rather than a demonstrated fact. If the salivary and sweat 
glands can elaborate a hypotonic secretion, it is conceivable that 
at least some cells could mctabolically maintain a positive or nega¬ 
tive gradient in osmotic pressure between the cytoplasm and the 
interstitial fluid. Indeed, it seems that such is actually the case in 
those cells in the renal tubule responsible for the elaboration of a 
hypertonic urine. The available information indicates, however, 
that the distribution of water throughout the body is conditioned 
by osmotically active substances . 1 * 9 

The mere fact of the uniform distribution of water does not 
place any limitation upon the actual volume of water in the body 
as a whole or in any one of the fluid compartments. We are con¬ 
cerned with two problems: first, the regulation of the composition 
of the body fluids; and, second, the regulation of their \olumc 
through variation in the absolute quantity of solute (primarily 
sodium with its attendant anions) retained in the body. Kctcntion 
or loss of sodium will lead to retention or loss of water and hence 
to expansion or depiction of extracellular fluid, without offense to 
the isosmotic principle. 

The plasma serves as a medium for the transportation of water 
and solutes to all the tissues, or, more properly speaking, to the 
interstitial fluid, which separates the vascular bed from the tissues. 
Within the plasma is the subsidiary compartment of the blood 
cells. Between the blood cells and the plasma only a limited inter¬ 
change of solutes occurs, so that in effect it is the plasma which is 
directly presented to the kidnejs and upon which these organs 
operate. 
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The interstitial fluid, lying between the plasma and the tissues, 
is in almost free communication with the plasma, since all the dif- 
fusable constituents of the latter pass readily through the capillary 
endothelium, and it is by virtue of this free communication that 
the plasma is enabled to maintain continuous interchange be¬ 
tween different tissues. The great speed of interchange between 
the plasma and the extravascular fluid is indicated by the fact 
that, as measured with D 2 0 , 73 per cent of the water in the blood 
is exchanged with extravascular fluid every minute in the guinea 
pig,*** while, as measured by sodium 24 , 60 per cent of the plasma 
sodium and 13 per cent of the extravascular sodium are transferred 
in either direction per min., 14 * 7 while 64 per cent of the plasma 
chloride is exchanged with extravascular chloride. That filtration 
plays a more important part than diffusion in this exchange is in¬ 
dicated by the fact that sulphate and sodium are distributed at 
about the same rate. 1171 

Less than 30 min. are required from essentially complete dis¬ 
tribution of tritiated water in the body water of rabbits, and ap¬ 
proximately 1 hr. in man. 1 * 11 

Interchange between interstitial fluid and plasma is limited in 
only one respect: the capillary endothelium is poorly permeable 
to the plasma proteins and, since these with their attendant base 
are osmotically active, a limitation is thereby placed upon the free 
migration of water Where the hydrostatic pressure of the plasma 
in the capillary tends to force water out of the vascular bed, the 
osmotic pressure of the plasma proteins (oncotic pressure) tends 
to draw water back into the vascular bed; were the hydrostatic 
pressure reduced to zero all the water of the interstitial fluid would 
theoretically be drawn into the vascular tree by the protein oncotic 
pressure, or, in the face of resistance to expansion of the plasma, 
(or vascular volume) this movement would proceed until de¬ 
veloping hydrostatic pressure came to equal oncotic pressure. 
Hence, the movement of water and its ultimate distribution be¬ 
tween the capillar}' and the interstitial fluid are determined by 
the balance between hydrostatic and oncotic pressure. This gen¬ 
eralization was formulated many years ago by Starling and, al¬ 
though difficulties arise in applying it in special instances because 
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of other superimposed factors, its fundamental validity cannot be 
impugned. 1 ”* 

It is particularly important to note that the circumstances arc 
general!} such that filtration of water occurs in the arterial end of 
the capillar)' and reabsorption in the venous end (fig. 53), and that 



Hciic ft Chart showing blood p»riiurc (circles) in peripheral mith of the 
rat, guinea pip, and frrg The solid dots indicate the osmotic pressure of the 
plasma proteins (Landis 


the point of filtration equilibrium (hydrostatic «■ oncotic pres¬ 
sure) will shift toward or away from the venous end as capillary 
prtssurc is increased or decreased by dilatation or constriction in 
the arteriolar and metarteriolar bed. Although detailed knowledge 
is not available, it ma> l>c accepted that local vasomotor tone, 
under the control both of the nervous svstem and of humoral 
agents, plays an important part in determining the absolute quan. 
tity of interstitial fluid in any area. Thus, both the circulatory sys¬ 
tem and the Udrej s arc concerned in the regulation of the volume 
of interstitial fluid. 
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Beyond the interstitial fluid there is the compartment or com¬ 
partments of the tissues Between the tissues and the interstitial 
fluid there is such a restricted interchange of electroljtes that for 
most purposes the) may be considered as isolated from each other 
except in respect to water itself The restriction is applicable in 
two senses first, in respect to the speed of interchange of cations 
and, second, in respect to their ultimate distribution The rate of 
interchange of radioactive potassium between red cell and plasma 
is relatively slow and highly variable Human red cells show 40 
per cent exchange in 12 hr in vivo , and the rate is even slower in 
the dog, while cat erythrocjtes exchange 45 per cent of their 
potassium per hr im The erj throcyte exchange rate of potassium 
is lower in all mammals studied than is the exchange rate of so¬ 
dium ,m When injected intravenousi) in the dog, about 9 hr are 
required for potassium and 24 hr for sodium to reach equilibrium 
or at least stable distribution throughout the body 1130 

In the second sense, the ultimate distribution of cations is 
unique, the base of the tissues consists mostly of potassium and 
magnesium, there being little sodium in most tissues That other 
electrolytes, however (chloride, bromide, thiocyanate), do pene 
trate some tissues to some degree is now generally accepted, the 
most recent evidence being derived from the so-called volume of 
distribution of radioactive isotopes as compared with the volume 
of distribution of inulin 150 mo 18,1 The data in table vi indicate that 

TABLE VI 

Gross Distribution of Sodium and Potassium in the Normal Dog *** 

Sodium Potassium 2 

mEq per mEq per mEq per 

liter of water liter of water liter of water 
Extracellular fluid 146 4 o 150 

Intracellular fluid 35 115 Ijo 

about 20 per cent of the exchangeable sodium (exclusive of bone 
sodium) in the body is intracellular 
The nature of all the osmoticall) active particles within the cell 
that account for the intracellular osmotic effect is not known The 
sum of the cations within the cell may not safely be used as an 
index of intracellular osmotic effect, despite the fact that the) add 
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up to about the same molants in the tissues is in the extracellular 
fluid Redistribution of niter between intracellular ind extra 
cellular fluids occurs in dogs treated with adrenal hormone or 
adrenalectomircd, and the chances obsersed seem to be greater 
than can be explained in terms of clectrol) tes alone 
As has been said abo\ c, the regulation of the osmotic pressure of 
these compartments does not per :e impose in> limitation upon 
their respeemc \ olumes, so long as the s ipor pressure of w ite- is 
maintained uniform!), each compartment remains free to \ars 
in solumc It must be concluded, therefore, that some regulation 
is superimposed upon the % olumes of the plasma, interstitial fluid, 
and intracellular fluid independent!) of the regulation of their 
composition There seems to be no better new than to suppose 
that in the tissues the number of osmoticall) acme constituents 
is regulated b) those as set unknown p-occsses which determine 
cell structure and other fixed eel! characters, in a manner ana! 
ogous to the regulation of cell \o!umc in uniccllulir organisms 
The regulation of the solumc of the interstitial fluids and the 
plasma, on the other hand, is effected in part b\ the d)namic 
factors discussed abo\c, In the regulation of the plasma protein 
concentration, and, no doubt, In tissue tension and other obscure 
factors, coupled with the actnc participation of the ktdnes 
The writer prcuousls stated his belief that 'the kidncs itself is 
not concerned with whether z or 5 liters of plasma arc circulating 
in the s ascular bed, so long as that plasma has the proper compost 
non And this organ, in attempting to regulate the composition of 
the plasma, will frequcntl) enlarge or reduce the solumc of tint 
fluid, and, indirecth, of the interstitial fluid, bc\ ond pin siological 
limits, and sometimes to fata! excess lt * It is true that the kidncs 
gcncrall) operates to regulate the composition of the plasma first, 
but the statement al>ose must l>e corrected because in o ir pres-nt 
\icw the kidncs is directls concerned tn the regulation of the 
solumc of the bods fluids perhaps chief! \ the extracellular flu I, 
and therein, if indirecth, the plasma 

urcTRoiYTi costrosniov or thi i*msua 
The electroh te pattern of the j las 11a is made up n p calls of the 
eonsmutents si own m tal !c s it Hie sum of the rurgan cr hies! 
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bases is greater than the sum of the inorganic acids because about 
11 mEq of base are combined with the polyvalent protein anions 
or with organic acids Sodium and potassium exist in a freelj dif 
fusable state m the plasma, as shown bj the fact that their distn 
bution between plasma and pleural, peritoneal, and subcutaneous 

TABLE VII 


Composition of Typical Human Plasma 



(Gamble 

m Margana ,,u ) 


Base 


Acid 


mEq/1 


mEq/I 


\a^ 

142 

a 

103 

k + 

5 

HCOj 

27 

Ca + 

5 

HPO," 


Mg+ 

3 

SO, 

t 



Organic 

6 



Pr 

16 

Total 

*55 


*55 


Osmot catly equivalent NaCl solution gm/ioo cc of water 

Men o 944", probable individual deviat on ±0.00495 
Women 09*69 probable individual deviation ±00059 
Freezing po nt lowenng (A) 

Men —o 553 0 C 
Women —o 543 0 C 

fluids is consonant with the Gibbs-Donnan equilibrium *"* Cal¬ 
cium exists in the plasma in three forms, the first of which is a 
protein complex and not diffusable, the second is diffusable or 
game salts, and the third is ionic calcium No data are available 
for maenesium 411 the inorganic anions are believed to be freelv 
diffusable. 

The total electroljte composition of the plasma is one of its 
most finelj regulated features, despite the fact that the htdnevs 
operate independent!) on the individual electrolj tes and on water 
Gamble and his associates 741 long ago suggested that the adjust 
ments involved in the regulation of the acid base balance of the 
blood have as their chief end the preservation of a constant total 
fixed base, but to the writer the terms ‘fixed base would seem to 
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indicate merely an arithmetic addition. The physiological de¬ 
sideratum is more probably cither the ionic strength or the os¬ 
motic pressure of the plasma. 1 ”* The former enters into and in¬ 
fluences the reactivity of all electrolyte systems, and therefore of 
all ph)Siological systems, and it is not difficult to imagine that the 
conservation of sodium, for example, is subordinate to this phjsi- 



I'lCUte 54. The diuretic response in man to tcoo ct. of * atrr cr, alternator!)*, 
icco cc. of t per cent folium cKlondc solution, ingested at t-cro time. In th t 
experiment 9: per cent of the water was recovered within ifa min. (Smith ****) 


cnl-chemical determinant. The evidence is clear that the conserva- 
tion of water is immediately subordinated to the maintenance of a 
constant osmotic pressure in the plasma, but the evidence indi¬ 
cates that water conservation is f*oth subsequent to and subordi¬ 
nate to the retention or rejection of sodium. Changes in osmotic 
pressure from the norma! are corrected by the retention or rejec¬ 
tion of water and not of sodium. From another po ; nt of view, it 
must be mognired that the conservation of vxlium, the chief ele¬ 
ment in the fixed base and, thus, secondarily of water, is over the 
long run related or subordinated to the regulation of the extra- 
cellular fluid volume. So long as the osmotic pressure is preserved, 
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there is little immediate resistance to expansion of extracellular 
fluid volume because the regulatory mechanisms concerned with 
volume are more sluggish than are those which are concerned with 
composition. This difference is illustrated by the long-recognized 
difference in human response to the ingestion of water and of iso¬ 
tonic salt solution, as shown in figure 54. Water produces, after a 
short interval, a copious diuresis, the extra water excreted in a 
few hours being equal to the ingested volume. But, when isotonic 
salt solution is administered to man either per os or intravenously, 
little diuresis occurs; both the salt and water may be retained in 
the body for hours or days In the latter instance, there is little 
change in osmotic pressure of the plasma and the salt solution re¬ 
mains distributed throughout the extracellular fluid. On the other 
hand, if sodium is lost from the body, water will rapidly be sacri¬ 
ficed in the interests of constant osmotic pressure, and restitution 
of body fluid volume cannot be made until the salt deficit is cor¬ 
rected. Hence, m acute stresses (vomiting, diarrhea, excessive 
sweating, excessive salt loss or intake, partial renal failure, etc-), 
regulation of composition takes precedence over regulation of vol¬ 
ume, leading to w hat Gamble called ‘the mendicant position of the 
body fluids.’ This mendicant position is largely a matter of rapid¬ 
ity and sequence of adjustment rather than physiological pnont). 
The organism can apparently tolerate changes m volume better 
than changes m composition of the body fluids. But the relative 
importance of sodium per sc, of fixed base, of ionic strength, of 
osmotic pressure, and of body fluid volume in this pattern of 
regulation cannot be assessed at the present time- 

THE EXCRETION OF SODIUM 

The excretion of electrolvtes presents numerous complexities that 
do not enter into the excretion of non-electrolytes, for here we are 
dealing not with independent molecular species but with paired 
10ns, the individual excretion of which is usually conditioned by 
some other obligation. 

In view of the nature of strong electrolj tes it is incorrect to 
treat any pair of ions, such as sodium and chloride, as though they 
existed in the plasma or urine in the form of a molecule. Yet be¬ 
cause these two are frequently the predominant 10ns in both 
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plasma and urine, and because chloride always carries with it an 
equivalent quantit) of cation, niosiK sodium, we frequently hut 
incorrectly speak of so<!ium chloride as a physiological entity. 
Because the ana!) tical methods for chloride arc simpler than those 
for sodium, nearly all investigations concerned with the excretion 
of sodium have, until the introduction of the flame photometer, 
followed the behavior of chloride, under the assumption that it is 
accompanied by an equivalent quantity of sodium. It ts safer, 
where the nature of the cation is unknown, to designate the un 
identified base as B + . 

The neecssit) of maintaining equivalent quantities of cations 
and anions in the blood and urine imposes a limitation upon the 
independent excretion of ions of anj one charge. Within this 
limitation, considerable substitution of various ions is possible 
Intcrchangcakilit) is particularly evident in the case of chloride 
and bicarbonate. Loss of h)drochlonc acid b> vomiting may cause 
half the chloride to be replaced b> bicarbonate and other anions 
Vigorous exercise may replace half the bicarlionntc with lactate 
Increase in carbon dioxide tension may raise bicarbonate at the 
expense of chloride, w lule reduction of carbon dioxide tension mav 
have the reverse effect. Accumulation of keto acids during fasting 
or in diabetic acidosis mav replace bicarbonate with the anions of 
these acids. Except as such substitution may cause a change m pi 1 
and carbon dioxide tension and thus lead to respirators embir. 
rassmenr, they apparently occasion no immediate distress Indeed, 
chloride appears to play no specific role physiologically. lt\ re 
peated centrifugation of blood and replacement of plasma by sul¬ 
phate solution, Amberson, Nash, Mulder, and Bmns 11 were able 
to reduce the plasma chloride in cats to 7 mM /liter, and to raise 
the plasma sulphate to too m\ sy Uter, xvhvle Hiatt,**' hx the re. 
peated intravenous administration of sodium nitrate, was aide to 
reduce the plasma chloride toje.p ml-q liter. In such animals the 
chloride concentration of the lieur, stomach, l«m% muscle, kid- 
ney, and other tissues ami flu d% with the exception of the ce*r- 
Irosp-nal fluid, was reduced propanenally Ixdow ro'-mal, l*rvm 
these studies, it appears that chloride a phvs ologicallt ir ! f. 
ferent ion. When sodium chloric is adnvn xterrd, the ions 
may, ov cr rtlam ely short perods of time, Ik: excreted at quite dif- 
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ferent rates because of readjustment of other anions and cations. 86 * 
Interchangeability is much less evident on the side of the cat¬ 
ions, sodium, potassium, calcium, and magnesium; the normal 
concentrations of the last three are so small, relative to sodium, 
that permissible substitution extends through only a small ab¬ 
solute range. 

PROXIMAL REABSORPTIOV OF SODIUM AND WATER 

The data cited in chapter n show that chloride is present in the 
capsular fluid of the Amphibia in approximately the same con¬ 
centration as in plasma, implying the complete ultrafiltration of 
both sodium and chloride. We may assume that the glomerular 
filtrate carries its full complement of these ions, subject only to 
the conditions of a Gibbs-Donnan equilibrium arising from the 
presence of protein on one side of the glomerular membranes.* 

In the Amphibia,* 1 ** reabsorption of water occurs along the 
proximal tubule to yield a glucose (phlorizinized) U/P ratio of 
f.j.40, indicating that about 30 per cent of the water of the 
glomerular filtrate has been reabsorbed (see fig. 2); the facts that 
the chloride U/P ratio and the osmotic U/P ratio both remain at 
1.0 (see fig. 1) show that sodium and chloride are reabsorbed pari 
passu with water. In the distal tubule, sodium and chloride are re¬ 
moved from the urine to yield a hypotonic urine essentially chlo¬ 
ride-free. 

The micropuncture studies of Walker, Bott, Oliver, and 
MacDowell 11,1 (figs. 4 and 5) show that the situation is qualita¬ 
tively similar in rats and guinea pigs. Creatinine is concentrated 
to a U/P ratio of 2.5 half-way down the proximal tubule (the most 

* In a membrane sjstem permeable to electrolytes but impermeable to pro¬ 
teins, at equilibrium the electrolytes will be distributed unequally on the two 
sides. Where the system contains a number of diffusible monovalent ions and 
an ionized salt of protein, NaR, the Gibbs-Donnan equilibrium may be written 
10 tbe form of an equality of ratios of ion concentration: 

[Ci-I, [HCOrh [Na+h m 
[CM, [HCOrJ: [Na + ]i [K + ]i 

For mammalian plasma and glomerular filtrate, the Donnan factor for chloride, 
[Cl ]f/IC 1 — Jp, and bicarbonate, [HCOj _ Jr/[HCO, — Jp, may be taken as I 
for sodium, [Na + lr/[Na + ]p, as 0.9$, and for potassium, [fv + ]p/[lv + ]p, as 0.90 •'* 
at 6 gm. of protein per 100 cc. of plasma. 
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distil point available in the mammalian kidney), but the authors 
calculate that by the end of the proximal tubule this ratio would 
reach 5 o, which would mean that 80 per cent of the glomerular 
filtrate had been reabsorbed Since the urine remains isosmotic 
with the plasma, it follows that as much sodium has been re 
absorbed as water For reasons not clear, the chloride U/P ratio 
rises earlj in the proximal tubule to 1 4 and remains at this value 
throughout the first half of its length * 

Final sodium chloride reabsorption, to make a sodium and chlo 
ride-free urine, apparently occurs in the distal tubule (or collecting 
ducts) of the mammals, as m the Amphibia It is apparently also 
in the distal tubule (or collecting ducts) that final reabsorption of 
water occurs to yield a hypertonic urine 

The difficulty m speaking of a sodium or chloride ‘threshold' 
lies in oversimplification f The excretion of sodium (and chloride) 
is conditioned by a number of factors such as filtration rate, 
plasma sodium concentration, the natriuretic effect of ADH, and 
possibly one or more actions of adrenal cortical hormones on the 

* Walker et a! suggest that the chloride U/P ratio rises to 1 4 because chlo¬ 
ride replaces bicarbonate as the latter is reabsorbed from the tubular urine, 
this suggestion implies that bicarbonate (with sodium) is reabsorbed more 
rapidly than is sodium paired with chloride, and that bicarbonate reabsorption 
in the proximal tubule is complete At best, however, assuming no mM of 
chloride and 25 mM of bicarbonate per liter in the glomerular filtrate, if chlo¬ 
ride replaced all bicarbonate the final concentration of chloride would be 135 
mM/liter, which allowing for the Donnan effect, would give a U/P ratio of 
(no + 25 )/iio X 1 02, or 1 25 The observed ratio of 1 4 must have some other 
explanation 

t Various investigators have attempted to define a threshold for plasma 
chloride, because the urine may at times be practically chloride (and sodium) 
free Thus Aitken n observed that, when the plasma chloride in man is re 
duced below 95 mEq/liter, excretion is fairly constant at about 5 mg of so¬ 
dium chloride per hr Rehberg ,,,, also found that, when the plasma chloride 
falls below 106 mEq/liter, excretion is small and essentially constant At higher 
plasma levels he believed that excretion, which may be substantial, is markedly 
affected by the rate of urine formation but the converse proposition, that the 
sodium chloride load of the unne may have affected urine flow in his expen 
ments must be considered MacKay and MacKay 1,J0 showed that essentially 
chloride free urine is usually excreted by the rabbit at plasma chloride levels 
below 85 mEq/liter, although, on other occasions chloride excretion at this or 
lower levels may be substantial, a circumstance they attributed to the simul 
taneoua excretion of potassium Equally important is the fact that ammonia 
will carry chlonde into the urine independently of sodium excretion 
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tabular reabsorption of this ion, and a simple definition of‘thresh 
old’ is even less possible than in the case of glucose The problem of 
how sodium excretion is regulated can be approached onlj b> a 
detailed analysis of all the factors involved 
The first of these is sodium reabsorption in the proximal tubule, 
where the greater fraction of both sodium and water is reab- 



Ficcre 55 Percentage excretion of water, chlonde, sodium, and bicarbonate 
in relation to the creatinine U/P ratio in a dog dunrg osmotic (mannitol) d u 
res s. (\\ esson and Anslow rrl ) 


sorbed Wesson, Anslow, and Smith 1,7111 * have shown in the dog 
that, during osmotic diuresis induced by the intravenous infusion 
of hypertonic mannitol solutions, as much as 65 per cent of the 
water of the glomerular filtrate may be excreted in the urine at a 
time when only 13 to 27 per cent of the filtered sodium is excreted 
(fig 55) Under the conditions of these experiments, the flow of 
unne is so great that any changes m composition of the urine ef 
fected by the distal tubule are relatively minor in magnitude, and 
the composition of the bladder unne can be taken to represent the 
composition of the tubular unne at the end of the thin limb 
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The fact that much less sodium than water is swept out by 
osmotic diuresis shows, first, that the reabsorption of sodium in the 
proximal tubule is operationally independent of the reabsorption 
of svater, and second, that sodium reabsorption is an active process 
rather than a process involving passive diffusion of sodium along 
with whatever water is reabsorbed That sodium reabsorption is 
an active process is further demonstrated by the fact that sodium 
continues to be reabsorbed against a concentration gradient be 
tween urine and plasma of as much as 60 mEq/hter or more, so 
that the nominal sodium content of the reabsorbate (if all the re¬ 
absorbed sodium were dissolved in all the reabsorbed water) actu¬ 
ally exceeds that of the plasma by 50 per cent or more 

Since the osmotic pressure of the urine closely approaches the 
osmotic pressure of the plasma during osmotic diuresis or deviates 
from it by being only slightly h>potonic, the authors conclude that 
the proximal reabsorbate is in the net isosmotic with the plasma * 
The simplest explanation is that, as sodium and other constituents 
of the proximal tubular urine are reabsorbed, water diffuses back 
through the proximal tubule or thin limb to maintain an osmotic 
U/P ratio close to 1 o 

That osmotic diuresis causes decreased reabsorption of chloride has 
also been demonstrated by others Schou 1799 infused hypertonic sodium 
sulphate in anesthetized (urethane) rabbits, obtaining urine flows of 
15 to 17 cc/min and creatinine U/P ratios of 1 5 or less, the lowest 
recorded figure being 1 a f At a creatinine U/P ratio of 1 4 to 1 5, 
well over 5 ° per cent of the filtered chloride was excreted Cisek and 
Holmes have shown that chloride excretion increases part passu with 
diuresis in the dog during the continuous intravenous administration of 

* Correctly, one should refer again to the renal interstitial fluid rather than 
plasma, but for brevity we shall consider the interstitial fluid as invariably 
isosmotic with plasma 

t Incidentally, it may be noted that there was marked increase in creatinine 
clearance and renal blood flow (as measured by a Rein thermostromuhr) in 
Schou s expenmen ts, and a close correlation was observable between arterial 
pressure, renal blood flow, and filtration rate He calculates that the filtration 
fraction reached values exceeding 50 per cent, but in no case did the oncotic 
pressure of the postglomerular plasma exceed 66 per cent of the mean arterial 
pressure, 1 e a glomerular pressure of 66 per cent of the artenal pressure is ade¬ 
quate to effect the filtration of large quantities of fluid 
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hypertonic sucrose, glucose, sorbitol, and urea,* the total chloride ex¬ 
creted being unrelated to the nature of the diuretic They found that 
reabsorpnon of chlonde is minimal at the peak of diuresis and is unin¬ 
fluenced b> pituitnn or desoxycorticosterone. Brodsky and Rapo- 
port **' ha\ e shown that osmotic diuresis m man, effected by glucose 
or mannitol, sweeps considerable sodium and chlonde into the unne, 
the effect again being unrelated to the nature of the osmotic diuretic. 
Reiman, Goodyer, and Peter<on have shown that mannitol and glu 
cose diuresis, induced simultaneously with copious water diuresis, m 
creases sodium and chlonde excretion The simplest interpretation here 
is that osmotic diuresis sweeps sodium out of the proximal tubule fas¬ 
ter than the distal tubule can handle it, this sodium appears in the unne 
irrespective of the rate of distal water reabsorpnon 

Wesson and Anslow 1171 attribute the decreased reabsorption of 
sodium during osmotic diuresis to dilution of sodium in the prox¬ 
imal tubule unne, as osmotic diuresis increases m magnitude, the 
retardation of passive water reabsorption effected by the osmotic 
diuretic lowers the concentration of sodium in the proximal unne 
and increases the concentration gradient between unne and 
plasma against which sodium reabsorption is occurring to a critical 
value, and thereby retards the reabsorptive process They believe 
that, in any one expenment, this concentration difference ap¬ 
proaches a cndcal value, despite marked vanadons in the ab¬ 
solute plasma and unne sodium concentradons, and that this 
critical value ranges in vanous expenments from 60 to 90 
mEq/liter The unreabsorbed sodium in turn contnbutes by its 
own osmodc acdon to retarding water reabsorpdon,f thus further 
promodng the excredon of water because, no matter what the 
proportions of sodium and mannitol in the unne, the latter re¬ 
mains isosmodc with the plasma 

The fact that a concentration gradient exerts a limiting action 
upon proximal sodium reabsorption is in marked contrast to the 
absence of such an effect in the distal system, where all except the 

* The effect of urea appears to be comparable to that of other diuretics, if 
the load :s large enough to establish an equal diures's. 

t The authors surges t that uareabso'bed urea may, bv ;ts osmoac action, 
retard the proximal reabsorpnon of water and contribute tD the circumstance 
that only 85 per cent of the filtered sodium and water are norma!!} reabsorbed 
in the proximal tubule 
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list trace of sodium may be removed from the urine They infer 
that, in the proximal tubule, large quantities of sodium are nor¬ 
mally reabsorbed against a small concentration gradient, a cir¬ 
cumstance which permits the proximal tubule to reduce the gross 
bulk of the abundant glomerular filtrate and to concentrate, 
within certain osmotic limits, the waste products therein destined 
for excretion In the distal segment, small quantities of sodium 
are reabsorbed, against a much larger concentration gradient (as in 
the case of the proximal reabsorption of glucose), but from a much 
smaller quantity of fluid 

The fact that, by all the evidence, the urine delivered from the 
thin limb to the distal tubule * is isosmotic with plasma demands 
acceptance of the belief that some fraction of filtered sodium nor 
mally remains in the tubular urine at the end of the thin limb and 
hence is available for reabsorption by the distal tubule f The size 
of this fraction depends upon the relative amount of sodium re¬ 
absorbed proximally If we accept, from the evidence cited in the 
previous chapter, that about seven eighths of the water of the 
filtrate is reabsorbed proximally and that one-eighth is available 
to the distal tubule for reabsorption, then we must accept that 
one-eighth of the sodium is also available for distal reabsorption J 

So long as the fraction of sodium and water reabsorbed proximally 
remains large and fairly constant, changes m distal reabsorption will 
have but little effect upon the total reabsorption of either constituent 
Two noteworthy consequences issue directly from this fact As seen in 
the equation 

(i) PnbCf = Tn» + Uh.V 

* The use of the term distal tubule here and elsewhere does not exclude some 
sodium and water reabsorption by the collecting ducts 

f That nearly complete reabsorption of chloride can occur in the proximal 
tubule is shown by the chloride free urine of the sculpm,* 10 but that the U/P 
ratio of sodium is significantly below i o can only be inferred from this fact 
In any case, the urine is isosmotic with the plasma in the marine fishes, which 
have only a proximal segment and which are essentially in a perpetual state of 
osmotic diuresis It is more pertinent that the dilute urine in the fresh water 
fishes Elasmobranchs, and Amphibia, which also have a distal segment, may be 
practically chloride (and sodium?) free 

t The calculation neglects the osmotic pressure of urea and other less impor 
tant solutes 
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the absolute amounts of both sodium and water reabsorbed will in 
crease or decrease almost in direct proportion to the filtration rate, so 
long as U S .V is small in comparison with Pj^Cf, as it always is under 
normal conditions Indeed P**»Cf and Tj,» are normally so nearly equal 
that Tf, a appears to \ ary in direct proportion to Pn»Cf 

Second, if we divide (i) by Cf, 

CO 

and write Cf 

( 3 ) 

1 e the nominal concentration of sodium in the total reabsorbate Tn,o 
will deviate from Pn» only in so far as Ux. or V is significantly large 
Hence, in the overall operation of the kidneys, the composition of the 
plasma wjU undergo change as a result of urine excretion only in so far as 
V is significantly large and U\« deviates from P\ B , which is to say, only in 
so far as sodium or water is preferentially excreted in the urine This is, 
of course, self-evident, and yet failure to recognize the tautological pit- 
falls of equation (i) sometimes leads to semasiologic difficulties * 

With the proximal reabsorption of sodium an active process and 
that of water a passi\ e process, one would expect the proximal tu¬ 
bular urine to be, at times at least, slightly hypotonic to the blood 
Walker, Bott, Oliver, and MacDowellobtained a hypotonic 
urine from the proximal tubule of the rat in only 2 out of 21 in 
stances, but their observations were made on unilaterally ne- 
phrectomized animals which were generally loaded with sucrose or 
saline, circumstances which might alter the conditions of proximal 
reabsorption It is conceivable that, under some conditions, the 
proximal unne may be distinctly hypotonic If such is the case, 
the present view affords an attractive explanation of the function 
of the thin segment in the loop of Henle The older idea, that be¬ 
cause this segment occurs only in the Classes (birds and mammals) 
where ADH promotes water reabsorption it is itself the locus of 
the formation of a concentrated unne and of osmotic work, has 

* The R/P ratio of Hare et al , * 7 figures 2 and 3 of Mokotoff et al uu on so¬ 
dium reabsorption in patients in heart failure the increased sodium reabsorp- 
tion reported m infants by Dean and McCance,the correlation between 
Un»V and the ‘tubular rejection fracuon of Green et al **» 


• Tjrjo + v 

P.v 


Tv. Uy.V 
' C F Cf 


Ty, Un.V 
T n ,o + V + Cf 
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never had strong appeal because the low epithelium of the thin 
limb does not, by contrast with the cuboidal cells of the distal 
tubule, seem c> tologically constituted for such a function * Per¬ 
haps the strongest argument against the formation of hypertonic 
urine in the thin segment is the fact that protein casts are never 
found in this segment, casts first form in the ascending limb of the 
distal tubule, with increasing precipitation in the distal convoluted 
tubules and collecting ducts In so far as cast formation is related 
to increasing concentration of protein, this circumstance indicates 
further water reabsorption in the distal system, which could 
scarcely be possible if the urine m the thin segment were already 
hypertonic to the plasma 

The present interpretation would be that the thin limb serves 
to promote osmotic equilibration by passive diffusion of water 
between tubular urine and plasma after the bulk of the sodium, 
etc, has been reabsorbed proxumlly f Wesson, Anslow, and 
Smith * m accept the evolution of the thin segment as being re¬ 
lated to the activity of ADH in promoting facultative water re- 
absorption (which they refer specifically to the distal tubule) and 
the capacity to excrete a hypertonic urine, but they see in the thin 
limb only an accessory adaptation facilitating the reduction to a 
minimum of the water load delivered to the distal tubule before 
final water and sodium reabsorption are effected To deliver a 
variable excess of fluid having a variable osmotic pressure to this 
terminal segment would conceivably be disadvantageous to its 
precise operations m the critical retention of sodium and water, 
especially if either of these distal functions is itself limited by a 
critical rate 

* Heller, who still sees in this feature of comparative anatomy a strong argu 
ment for the older view, has emphasized to the writer that, if the flat epithelium 
of the fish gill can do osmotic work (as the writer believes it does, ch xvn), 
the structure of the thin limb is not a cogent argument against the performance 
of osmotic work in this segment Although prepared to admit that conclusive 
evidence is lacking, the writer believes that this view is the most plausible at 
the present time 

t Shannon ** M supposed, incorrectly we now believe, that all the sodium was 
reabsorbed in the proximal system and that a very dilute urine, equivalent to 
that excreted during water diuresis, was delivered to the distal tubule The 
present evidence appears to controvert this view 
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Mudge, Foulks, and Gilman im have carried out similar studies 
of extreme osmotic diuresis in anesthetized (pentobarbital) dogs, 
using 50 per cent urea solutions instead of mannitol. Water bal¬ 
ance was maintained by infusing sodium chloride solution at a 
rate commensurate with urine flow. These investigators confirm 
that at high rates of flow the urine becomes approximately isos- 
motic with the blood, indicating that under these conditions the 
distal system is incapable of altering the composition of the proxi¬ 
mal unne significantly. The tubular reabsorbate is isosmotic and, 
since only small amounts of urea are reabsorbed, sodium salts 
provide the major osmotic constituent of the reabsorbate. Since 
urea contributes largely to the osmotic pressure of the tubular 
urine, it follows that the sodium concentration of the reabsorbate 
is greatly in excess of that in both the tubular urine and plasma. 
The existence of this sodium concentration gradient between the 
tubular urine and reabsorbate reaffirms the evidence that the 
proximal reabsorption of sodium is an active process. The authors 
accept that water is reabsorbed by passive diffusion to maintain 
the proximal osmotic U/P ratio at 1.0. In prolonged experiments 
the urine may become hypotonic to the plasma, as indicated by 
rough calculations from sodium chloride and urea concentrations. 
The authors believe this reflects circumstances under which so¬ 
dium and other osmotically active agents are reabsorbed more 
rapidly than water. 

Where Wesson and Anslow* m believed that the proximal re- 
absorpdon of sodium was retarded by a limiting concentration dif¬ 
ference between plasma and proximal unne of 60 to 90 mEq/Iiter 
(the figure varying in different experiments), Mudge ct al. found 
that this concentration difference showed no apparent upper limit, 
ranging from o to 100 mEq/Iiter as diuresis increased, and varied 
widely in single experiments and from animal to animal. This con¬ 
centration difference vanes inversely with the filtration rate, in¬ 
dicating that, with lowered sodium loads, more complete reabsorp- 
tion of sodium occurs even in the presence of isosmotic urine. The 
authors conclude that decreased sodium reabsorption occurs be¬ 
cause of the continuous decrease in sodium concentration as each 
increment of the glomerular filtrate is reabsorbed along the prox- 
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imal tubule, a condition which only applies in the presence of an 
osmotic diuretic 

The administration of a mercurial diuretic at the height of urea 
diuresis further decreased the reabsorption of sodium, but did not 
alter the concentration difference between tubular urine and re 
absorbate, indicating that mercurial diuretics decrease the func 
tional capacity of the proximal tubule cells to transfer sodium 
without altering the fundamental mechanism of reabsorption 

Incidentally, Mudge et al showed that osmotic diuresis does 
not cause the excretion of glucose even when 53 per cent of the 
filtrate is excreted in the unne, nor does it accelerate the excretion 
of bicarbonate or of phosphate if the plasma phosphate concentra 
tion does not increase The reabsorption of these substances pro¬ 
ceeds independently of the reabsorption of sodium and water 

TUBULAR REABSORPTIVE ACTIVITY 

In any study of sodium excretion it must be recognized that the 
reabsorptive activity of the tubule (proximal or distal) may change 
in consequence of changes in the intrinsic activity of the tubule 
cells, of changes in the secretion of ADH or adrenal cortical hor 
mones (ch xii), or for other as yet unidentified reasons Such 
changes in reabsorptive activity are commonly assumed to be 
present both in non renal and renal disease but their evaluation at 
the present time presents many difficulties Analysis of the prob 
lem can best be approached by reducing the number of variables 
to a minimum It is known that the administration of isotonic 
saline or Locke s solution to the dog increases the filtration rate, 
presumably an effect related to the expansion of the extracellular 
fluid Wesson, Anslow, Ratsz, Bolomey, and Ladd * M * have utilized 
the increase m filtration rate induced in this manner to examine 
the question of variability in sodium reabsorption After the in 
fusion of either saline or Locke s solution the urine may have a 
diverse composition during various phases of the resulting diuresis 
and protracted diuresis may therefore lead to significant and van 
able changes in plasma composition To offset this factor, Wesson 
and his coworkers determined the urine pattern in preliminary 
tests, and then in subsequent experiments continuously infused 
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the animal at such a rite and with fluid of such a composition as 
to a\oid any changes in the plasma electrolj te pattern, thus main¬ 
taining an expansion of extracellular fluid of 25 to 50 per cent for 
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Ficcre 56 Average values for unne flow, filtration rate of water («Cr), renal 
plasma flow, and filtration fraction following expansion of the extracellular fluid 
volume in 18 experiments on 6 normal docs Numbers are means and =b mean 
deviations from the mean Before averaging the individual curves, the tune 
scales of the experiments on each animal were adjusted so that their inflections 
coincide with the average inflection times for all experiments (Wesson, Anslow, 
Ratsz, Bolomey, and Ladd tm ) 

6 to 8 hr without change in composition, at least so far as the 
major electrolytes are concerned Pitressm was also infused (20 
milliumts/hr) to promote to a maximal extent the reabsorption 
of water effected by this hormone 
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These experiments reveal that the response of the dog to a sus¬ 
tained expansion of the extracellular fluid may be divided into 



Figure 57 Urine sodium concentration, sodium reabsorption per unit of glo¬ 
merular filtrate (Tn»/wCf) and nominal concentration of sodium in the total 
reabsorbate (Tn«/Th 2 o) calculated from the mean values for the 6 longest ex¬ 
periments by the same procedure as the curves in figure 58 Urine flow and fil¬ 
tration rate are repeated from figure 56 for comparison Numbers are means 
and mean deviations from the mean (Wesson, Anslow, Raisz, Bolomey, and 
Ladd an ) 


three phases (fig 56) In phase 1, the filtration rate and renal 
plasma flow increase on the average by 57 and 76 per cent, re¬ 
spectively. In phase 11, these functions decline to reach minimal 
values at about the same time, thereafter increasing again to 







31 8 EXCRETION OF SODIUM AND STRONG ELECTROLYTES 

fairly steady, supernormal values in phase ill. These changes In 
filtration rate and renal blood flow were not related to blood pres¬ 
sure changes or dilution of plasma protein but, apparently, to ex¬ 
pansion of the extracellular fluid volume as a whole or some part 
thereof. 

The initial increase in filtration in phase i, figure 56, is accom¬ 
panied by a marked increase in sodium excretion, which, the 
authors believe, is directly attributable to the increased load of 
sodium delivered to the tubules, since Pn« has remained con¬ 
stant. 

In view of the general proportionality between the filtration 
rate and sodium reabsorption in the proximal system, there is no 
simple way in which one can express the reabsorptive activity of 
the kidneys for sodium when the filtration rate is changing. The 
absolute quantity reabsorbed, Tn«, is an unanalyzed function of 
the filtered load, kPs-*CF, and, for this reason and because of 
possible (and here demonstrated) changes in water reabsorption 
mediated without relation to sodium reabsorption, the ratios 
T N ,/Tn,o and Tm/wCf (fig. 57) afford no immediately useful in¬ 
formation. Therefore, the only method of analysis now' available 
is to compare Tn* under identical conditions of P«; a and Cp, and 
hence of the filtered load, kPjj.CF. This can be done in these ex¬ 
periments at the points A, B, and C in figure 58, where the above- 
mentioned terms are constant. The data reveal that, at an iden¬ 
tical load at these 3 points, T**, averaged 8.12, 8.55, and 8.88 
mEq/min.; i.c. tubular reabsorption increased by about 10 per 
cent. This increase, though slight in absolute terms, is sufficient 
at the existing filtered load of 9.70 mEq/min. to reduce the rate 
of excretion by one-half, i.e. from 1.58 to 0.84 mEq/min. The ex¬ 
periments throw no light on whether this increased reabsorption is 
attributable to the proximal or distal system, or on how it is ef¬ 
fected. 

During phase II, despite the continuous administration of pi- 
tressin in physiological doses, water reabsorption falls behind so¬ 
dium reabsorption and the urine is for a time slightly hypotonic 
(fig. 57); this hypotonic state is followed by a hypertonic state in 
phase hi. The data demonstrate that some factor other than ADH 
influences water reabsorption. 
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These experiments, though complicated in design, show that 
mere expansion of the extracellular fluid, accompanied at least by 



Figure 58 The filtered load of sodium (h/wPjj» X wCf) and rate of total so 
dium reabsorption in 2 dogs (2 experiments per dog) following fast infusion of 
Lockes solution The interval between load and reabsorption measures the 
magnitude of sodium excretion (Un*V) The data demonstrate increasing tubu 
lar reabsorption at constant filtered load as measured at the 3 points. A, B, 
and C Glomerular filtrate sodium concentration (k/wPN„) (top) vanes less 
than 2 mEq/liter The curves are adjusted with respect to time as explained in 
the legend to figure 56 (Wesson, Anslow, Raisz, Bolomey, and Ladd * 17 *) 

no changes m plasma electrolyte composition, increases the filtration 
rate and renal plasma flow, and the specific activity of the renal 
tubules in the reabsorption of both sodium and water at a con¬ 
stant filtered load of each They reveal the difficulty of interpret- 
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ing changes in renal function in acute experiments where several 
variables are changing rapidl} and simultaneousl) 

Selkurt, Hall, and Spencer 1815 have found that, when the filtration 
rate is reduced in one kidney of the anesthetized (pentobarbital) dog 
b> reduction of local arterial pressure, moderate reduction of the filtra 
tion rate, to 63 per cent of the control value, leads to the rapid decline 
and cessation of sodium excretion Reabsorption is complete when the 
filtered load falls below 39 mM/min per kidney (average weight 42 
gm) 

Green and Farah 850 examined sodium excretion in anesthetized (dial 
urethane) dogs which were infused at a constant rate with strong so¬ 
dium chloride solutions Increase in the rate of sodium excretion neces¬ 
sarily reflected an increase in the tubular rejection fraction (fraction 
of filtered load which was excreted), since, under the conditions of the 
experiment, Ux.V varied through a much wider range than P\»Cf 
W ater excretion paralleled that of sodium The infusion of sodium chlo¬ 
ride solutions did not produce consistent changes in the filtration rate 
in their experiments In 5 animals, infusion of the test solution was fol 
lowed by a decrease in filtration rate, although sodium excretion m 
creased and in no instance did the greatest output occur during the 
period of maximal filtration The renal plasma flow consistent!) in 
creased, but this increase did not mvanabl) coincide with increased so¬ 
dium excretion No consistent relation was established between sodium 
excretion and plasma sodium concentration , sodium balance or <odium 
space (assuming only extracellular distribution equal to water 

gain or lass, or hematocrit The authors conclude that increased sodium 
intake influenced sodium excretion pnmanl) by establishing an osmotic 
pressure difference between extra and intracellular fluids, and that the 
major determinant in sodium regulation is not the preservation of so¬ 
dium balance but the maintenance of osmotic homeostasis The conclu 
sion may be correct, but the data do not appear to establish the point 
experimentally The conclusion is based largely upon the calculation 
that the net change in sodium space was uniformly greater than the 
net water retention, indicating that water had been withdrawn from the 
tissues The calculation is suspect in the absence of evidence that changes 
in plasma sodium concentration were not reflected b) changes in intra 
cellular concentration and by the use of a single injection of mannitol 
to measure extracellular fluid volume, a method which is unreliable for 
this purpose UM - m * 

Seldm and Tarail 1819 have arrived at a similar conclusion with re 
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gard to the role of the osmotic pressure of the plasma in controlling so¬ 
dium excretion. Their argument, however, is based in part upon the 
assertion that, during osmotic diuresis caused by sodium sulphate and 
urea, chloride excretion is not increased, which is contrary to the evi¬ 
dence cited above. Nor is there a priori warrant for the statement that, 
if the action of mannitol and glucose were intratubular, the excretion of 
phosphate and potassium should also be increased; the mechanism of 
reabsorption of these substances, like that for glucose, is independent of 
the sodium mechanism. The arguments presented by the authors are 
inadequate to refute the intratubular locus of the action of osmotic di¬ 
uresis m reducing sodium reabsorption. 

Green, Bridges, Johnson, Lehman, Gray, and Field 849 report renal 
clearance and sodium excretion data on 60 hospital patients, all of whom 
had renal disease as judged by the filtration rate (41.5 ± 16.5 cc.) and 
PAH clearance (228 ± 95 cc.). The patients were chosen in order to 
afford a wide range of filtration rates Ten were maintained on diets 
containing approximately 2 gm. of salt per day. Mannitol was used to 
measure the filtration rate and was presumably administered in a salt- 
free solution. The authors examine particularly the per cent of filtered 
sodium which is excreted, which they call the tubular rejection fraction, 
TRFn«. The total rate of sodium and water excretion during the ex¬ 
perimental periods was much larger than was to be expected from the 
salt intake because of the clearance procedure. Since mannitol diuresis 
had substantially increased sodium and water excretion, the former to 
33 gm sodium chloride per 1.73 sq. m. per day, the latter to 6 65 liters, 
sodium excretion under the conditions of the experiments has little 
bearing on the normal control of sodium excretion. As the authors point 
out, in the presence of low filtration rates the per cent of filtered sodium 
excreted increases correspondingly, as must be the case if subjects with 
low filtration rates (essential hypertension, etc.) continue to maintain 
a constant plasma concentration on a normal salt intake. The authors 
note that there is a high correlation between the rate of sodium excre¬ 
tion and the per cent of filtered sodium excreted, especially where 
PnbCf is relatively constant. This correlation is a tautological conse¬ 
quence of the fact that, where Pn»Cf is constant, the ratio UNaV/TRFNa 
is fixed thereby, and the demonstrated correlation merely reflects the 
narrow range of variation of Pn» and Cf in the subjects studied. 

DISTAL REABSORPTION OF SODIUM AND WATER 

Very little is known about sodium and water reabsorption distally. 
It cannot even be said to what extent these processes are restricted 
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to the distal tubule or are carried on in the collecting ducts. The 
data from micropuncture studies indicate that sodium reabsorp¬ 
tion occurs in the former but they do not exclude the latter. That 
water reabsorption may occur in the collecting ducts is indicated 
but not proved by the formation of casts, as pointed out above. 

It has been noted that systems involving tubular transport 
have, with few exceptions, been demonstrated to be limited by 
maximal rates, or, at least, by rates which do not change beyond 
the limits of experimental error with increasing load, once the load 
has exceeded some critical value. In general, these maximal rates 
(Tm) of tubular transport are at least roughly reproducible in a 
particular individual under basal conditions. That the distal re¬ 
absorption of sodium is an active process is indicated by the fact 
that sodium may be abstracted from the urine to the point where 
the urine is practically sodium-free. Indeed, without marked re¬ 
duction in filtration rate, a normal subject will maintain himself 
in sodium balance on as little salt as 0.5 gm/day and, for short 
periods at least, the urine may be almost devoid of an analytical 
trace of sodium. 

Rats maintained on a low chloride diet (0.5 to 1.2 mg. as compared 
to a control excretion of no to 170 mg. of chloride per day), for periods 
of up to 15 weeks, show no striking outward signs of deficiency, although 
they gain less weight and eat more food per gm. of body weight than do 
controls In such animals, whole blood chloride is reduced (252 mg/100 
ce. as compared with 295 me/ico cc. in controls) and bicarbonate is in¬ 
creased (72 3 as compared with 57.7 cc/ico cc. in controls).* 41 

These considerations lead us to anticipate that distal reabsorp- 
tion of sodium (T' 1 .\- a ) must be limited by a maximal rate (Tra d >»), 
as suggested by Wesson, Anslow, and Smith. 517 * How sharp this 
limitation may be and under what circumstances it actually limits 
the distal reabsorption of sodium remains to be determined. 

Distal reabsorption of water, unlike proximal reabsorption, also 
appears at first sight to be an active process, inasmuch as water is 
here abstracted against the osmotic pressure of the urinary solutes 
to > leld a hyper tonic unne, a process requiring the local expendi¬ 
ture of energy by the tubule cells. It is therefore to be anticipated 
in theory that distal water reabsorption (T^Hjo) is also limited by 
a maximal rate (Tm^Ujo), but, here again, how sharp this iimita- 
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tion may be or under what circumstances it actually limits the re 
absorption of water is not known If physiologically significant, 
this maximal rate would only be attained under the influence of 
ADH, T^o falling below the maximal value and perhaps to zero 
in the absence of activation by this hormone 



Ficure 59 Facultative water excretion in a hydrated dog during osmotic (urea) 
diuresis After an equilibration period of some 6 hr (demonstrated by previous 
experiments to be necessary to obtain stable conditions with respect to sodium 
reabsorption), pitressin was withdrawn from the infusion, permitting the facul 
tative water to be excreted in the urine 

Reasons are given in the text for believing that the water which must be ab¬ 
stracted from the urine (AV) during this diuresis in order to make it isosmotic 
with the plasma is quantitatively related to sodium reabsorption in the distal 
tubule Since the magnitude of AV is roughly constant at all levels of osmotic 
diuresis, this indicates that a constant quantity of sodium CF'n.) is reabsorbed 
distally under the conditions of the experiments (Wesson and Anslow, pers 
com ) 

Some intimations on the possible relations of distal sodium and 
water reabsorption have been sought by Wesson and Anslow (pers 
com ) by examining the effects of pitressin on urine flow, with and 
without osmotic (urea) diuresis, the latter serving to increase the 
load of water and electrolyte delivered to the distal system Here, 
as elsewhere, it is assumed, since there is no evidence to the con 
trary, that no water is excreted by any segment of the renal tu 





324 EXCRETION OF SODIUM AND STRONG ELECTROl/V TES 

bule Figure 59 represents an experiment in which a dog was hv- 
drated with 85 cc/kg of water orally at the zero hour, and pi- 
trcssm w as administered at the rate of So milhumts/hr to prev ent 
water diuresis Simultaneously, osmotic diuresis was established 
by means of a priming injection of urea, the plasma urea con¬ 
centration being kept constant by the remfusion of the urine 
Previous experiments have demonstrated that 4 hr are required 
to establish a steady state with respect to urine volume and 
composition After a control period extending from the fourth to 
the sixth hour, the pitressin infusion was withdrawn, permitting 
the urine flow to increase to the extent to which this hormone was 
promoting the reabsorption of water During the ensuing water 
diuresis, the urine, which hitherto had been approximated isos- 
motic with the plasma, became hvpotonic On reinfusion of pit- 
tressin, the urine flow decreased and the osmotic pressure in¬ 
creased to their prediuretic levels 

In successive experiments, the urea load (or level of osmotic 
diuresis) was increased in order to increase the distal load of so¬ 
dium and water The observations on any one animal indicate 
that the osmotic magnitude of the water diuresis (AY) resulting 
from the withdrawal of pitressin during osmotic diuresis, regard 
less of the level of the latter, is approximately constant and equal 
to the water diuresis obtained in experiments earned out in the 
same way except for the omission of osmotic diuresis Here AV 
represents the quantity of water which must be abstracted from 
the urine m order to make it isosmotic with the concurrent plasma 
Assuming (a) that the thin limb is permeable to water and that 
the urine delivered to the distal tuhule is exactl) isosmotic with 
the plasma during water diuresis (an assumption which remains 
to be established), a hypotonic urine such as is excreted during 
water diuresis requires that some osmotically active substance be 
reabsorbed by the distal tubule, excluding the back diffusion of 
urea, we may further assume (b) that the only substance reab 
sorbed here in significant quantities is sodium It follows that the 
difference between the osmotic pressure of the plasma and of the 
diuretic urine reflects the quantity of sodium being reabsorbed 
during water diuresis Or, conversely, facultative distal water re- 
absorption is related to distal sodium reabsorption (during w"iter 
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diuresis) in the same proportions ts osmotically active substances 
and water are presented to the distal tubule by the thin limb, 1 e 

TWTV = P— or TV = ^oPcm 

Since AV remains fairly constant in any one animal in the type 
of experiment shown in figure 59 both in water diuresis and during 
osmotic diuresis, when the load of sodium and water delivered to 
the distal tubule is increased, it would appear that facultative 
water reabsorption is correlated with a specific quantity of re 
absorbed sodium, which we will here call T^,, and that T^a it 
self remains constant under these fairly extreme conditions * 

Since, during uncomplicated water diuresis, the urine is very 
dilute, this sodium must be reabsorbed at some point in the tu 
bule which is impermeable to water, 1 e T'V* must represent 
absorption at some point below the thin limb (in the distal sys¬ 
tem) Hence the facultative reabsorption of water (T d H,o) (and 
the action of ADH) must likewise be assigned to the distal system, 
coexistent with or lower down the nephron than TVs 

Distal water reabsorption may not, however, be limited to that 
which appears in the urine during a water diuresis when this is 
superimposed upon osmotic diuresis, as in figure 59, because, in 
dependently of distal sodium reabsorption, an additional quantity 
of water (T x h,o) may be abstracted from an isotonic urine to yield 
a hypertonic urine The magnitude of this process, which is given 
by the quantity of water required to dilute the hypertonic urine 
formed during maximal osmotic diuresis back to the osmotic pres¬ 
sure of the plasma, is small relative to AV during water diuresis, 
consequently, as the distal load of water increases during osmotic 
diuresis (and under maximal ADH activation), the osmotic U/P 
ratio approaches 10 It is conceivable that T^o and T x h,o repre 
sent a unitary process located at one region of the distal system, or 
T x h,o may represent an additional process occurring farther down 
the nephron than T^o (The latter appears to be the most at 
tractive view) Whether T x n,o is under facultative control by 

* That sod um reabsorpt on may be decreased by the action of p tress n is 
well known (ch x) whether this effect is on the prox mal or d stal sjstem is as 
yet undeterm ned but the natriuretic effect appears to amount to no more than 
some 10 per cent of T**^ 
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ADH or is a continuous process which his little effect on the 
composition of the urine during water diuresis when T^ijO is 
small, is undetermined In the first case, T*h,o does not appear in 
the calculation of T\* since this computation is based upon P c , a , 
the theoretical osmotic pressure of the tubular urine before T*h,o 
was abstracted In the second case, T^o is smaller than the water 
released bj the absorption of T d \« b) an amount equal to T*n/) 
and T\, as calculated will be correspond!nglj less than the actual 
magnitude of distal sodium reabsorption 

In summary, it is clear that the facts are not available to answer 
with certainty sc\eral major questions relating to clectroljte re- 
absorption, and the following description is in some respects 
speculative The theoretical formulation of Wesson, Anslow, and 
Smith,** 1 as modified by the studies cited above, represents as 
satisfactory a theory as any by which the known facts may be 
correlated 

The reabsorption of sodium is conceived as taking place in two 
stages (fig 60) (i) a proximal process (T\,) involving approxi¬ 
mately four fifths of the normal filtered load, (2) a distal process 
(T\„) involving approximately one fifth of the normal filtered 
load To these we may add for completeness a small quantity (less 
than 1 or 2 per cent of the normal load) involved in independent 
ion [K. + , H + , (NH 3 +? )] exchange processes Water reabsorption 
involves a further process (T*n,o) by which hypertonic unne is 
formed 

Proximal reabsorption is rapidly reduced when a sodium con 
centration gradient is developed between plasma and tubular 
urine Normally, this concentration gradient remains small be 
cause of the rapid, passive reabsorption of water, but during os¬ 
motic diuresis the reabsorption of water is retarded and the so¬ 
dium in the tubular urine is diluted, impeding its reabsorption 
The fact that the proximal reabsorption of sodium is incomplete 
under normal filtered loads and that roughly 20 per cent is passed 
on to the distal system is possibly attributable to the circumstance 
that the diffusion of water does not proceed fast enoueh to mam 
tain osmotic equilibration, and the resulting sodium concentration 
gradient acts to limit sodium reabsorption, this limitation being 
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Figure 60. Schematic representation of sodium and water reabsorption. 
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supplemented by the presence of osmotically active substances 
(urea, sulphate, etc) in the urine, which retard water reabsorp- 
tion 

In this view, the proximal tubule is always maximally engaged 
in sodium reabsorption within the limits imposed by the composi 
tion of the tubular urine at each point along the tubule Elevation 
of the filtration rate will, however, by increasing the volume of 
fluid delivered to the tubule, serve to abolish concentration dif 
ferences from whatever cause, so that the absolute rate of sodium 
reabsorption will tend to increase pan passu with the filtration 
rate Conversely, a decrease in filtration rate exaggerates the 
proximal concentration gradient, so that the absolute rate of re 
absorption will tend to decrease Hence there is an approximate 
though not strict proportionality between filtration rate and prox 
imal reabsorption The absolute rate of reabsorption ma\ be ex 
peered to approach an asymptote as the filtration rate increases 
and, conversely, with decreasing filtration rate, reabsorption may 
be expected to become much more complete, so that, at half the 
normal filtration rate, perhaps more than 90 per cent of the 
filtered sodium may be reabsorbed The effect of changes in the 
sodium concentration in the glomerular filtrate upon proximal re 
absorption may be conceived as qualitatively but not quanti 
tatively similar to the effect of changes in filtration rate * ^t low 
plasma sodium concentrations, it may be expected that a larger 
fraction of the filtered sodium will be reabsorbed proximally than 
at normal concentrations, and r ice versa 

The thin segment is conceived as a region that is highly per 
meable to water, wherein the variably hypotonic proximal unne 
is brought to osmotic equilibrium with the plasma If an isotonic 
unne issues from the thin limb, we must accept that sodium can 
be reabsorbed distally This distal process is characterized by the 
facts that it is capable of extracting virtually the last trace of so¬ 
dium from the urine, and that the magnitude of the reabsorptive 
process, when fully engaged, is much smaller than that of the 
proximal process W hereas the proximal process appears to func- 

* As a consequence of the probable difference m the response of the kidney 
to the two factors, volume and concentration, it is unrealistic to describe sodium 
excretion in terms of the total load, or the product of \ olume and concentration 
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tion as a bulk, transfer mechanism, serving to reduce the gross 
volume of the glomerular filtrate, the distal process effects fine 
adjustment upon a small volume Since the ultimate excretion or 
retention of sodium depends upon this distal process, it is reason 
able to suppose that this is the locus of such sodium reabsorption 
as is susceptible to hormonal control (corticosteroid, pituitary, 
etc ), and in this sense it is facultative, as in the case of water 

A small volume of isotonic fluid (of which about io per cent of 
the total osmotic pressure is attributable to urea and most of the 
rest to sodium salts) enters the distal tubule Here the distal proc¬ 
ess reabsorbs sodium until the urine is sodium-free, or the distal 
reabsorptive capacity (T^nO (conditioned in part by hormones) 
is exceeded Such sodium as is reabsorbed distally liberates an 
osmotic moiety of water which, in the absence of ADH, contnb 
utes to the production of a hypotonic urine, the decrease in urine 
osmotic pressure being equivalent to the distal reabsorption of 
sodium * 

In the absence of ADH, the hypotonic urine left after the re- 
absorption of sodium continues into the bladder without further 
important changes In the presence of ADH, the facultative water 
reabsorptive process (T^o) is activated The water osmotically 
liberated by the reabsorption of sodium is now reabsorbed to pro¬ 
duce an isosmotic urine Further water reabsorption (T x H ,o) from 
the urine, which now has a small bulk, leads to the formation of a 
hypertonic urine, the limiting factor here being apparently the 
maximal osmotic U/P ratio T x h,o is not only small but is ap¬ 
parently limited in rate, so that urine of maximal osmotic pressure 
is formed only at low urine flows Whether T^o and T x H ,o are 
referable to the same portion of the distal tubule, or whether 
T x h,o is referable to a lower portion of the nephron (collecting 
ducts ? ) than T'SijO, is as yet undetermined 

Changes in sodium excretion may be brought about in two 
ways (1) by changes in the distal load of sodium effected by 
changes in the rate of filtration, (2) by changes in the rate of 

*The theory up to this point would serve to explain the excretion of an os- 
motically dilute urine in those Classes which have only a proximal and distal 
segment in the nephron, and in which ADH is not active with respect to water 
reabsorption 
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(distal ? ) reabsorption under hormonal control The maintenance 
of salt and water balance probabh involves both factors Expan 
sion of the extracellular fluid without change in composition in 
respect to the important electroljtes is known to increase the 
filtration rate, this increased filtration first increases the distal load 
to a point of overloading T^a (phase i, figs 56-58) and more 
slowlj (phase 11) leads through unidentified mechanisms to an in 
crease m T\ a itself, the latter causing decreased excretion at a 
constant load (see fig 58) Both mechanisms are probably opera 
tive in maintaining the volume of the extracellular fluid and salt 
and water balance Converselj, reduction of bod) fluids is known 
to decrease the filtration rate, this decreased filtration reduces the 
distal load of sodium to a level less than T^s,, leading to sodium 
retention Reduction of extracellular fluid ma> also set in opera 
tion mechanisms that increase T\ a Where the reduction in 
filtration rate is extreme, nrespectne of slight \anations in T 3 -,*, 
it will lead to excessi\e retention of sodium In any instance, loss 
or retention of sodium, operating through the osmotic pressure of 
the plasma and the supraopticohypoph>sial s%stem, will lead to 
loss or retention of water until the homeostatic osmotic pressure 
of the plasma is restored The slowness with which glomerular and 
tubular activities are adjusted in man would explain the slowness 
with which saline diuresis is initiated, and the relativel) small in 
crease in the filtration rate, together with the fact that the distal 
process operates upon onlj a fraction of the total filtrate, would 
explain the relativelv small magnitude of the diuresis 

The present value of an> theorj in this field must be sought not 
in the completeness with which it encompasses all the facts, but 
in its agreement with most of them and in the extent to which it 
can guide or suggest further investigation to affirm or disprove iL 
The notable advantage of the present interpretation is that, by 
phjsiologicallj integrating the renal mechanism controlling the 
excretion of sodium, the supraopticohypoph)Sial mechanism con 
trolling the excretion of water, the glomerular apparatus control 
hng the filtration rate, and the action of the hormones of the 
adrenal cortex and neurohypoph) sis on the distal ( ) sjstem, one 
would ha\ e a s) stem that would regulate not onlj the composition 
of the extracellular fluid but its volume as well This theorj en 
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visions a pattern of glomerular tubular balance in which both 
glomerular and tubular activity are variable, but through ap 
proprnte compensatory changes the sjstem can maintain salt and 
water balance through a wide range of activity in either com 
ponent 

The foregoing considerations lead us to speculate whether there 
exists in the body a mechanism by which expansion or contrac¬ 
tion of the extracellular fluid tends automatically to increase or 
decrease the filtration rate, or otherwise influence the reabsorp- 
tion of sodium Some evidence on this point will be discussed in 
the following sections 

EFFECT OF SALINE UPON THE FILTRATION RATE IN THE DOG 
AND RAT 

It has long been recognized that the administration of isotonic 
saline increases the filtration rate in the dog Schmitz 17,3 observed 
increases of 27 to 89 per cent in the dog after the intravenous ad 
ministration of quantities no larger than 100 to 150 cc, and 
Shannon 1461 utilized this phenomenon in his interpretation of how 
the diabetes insipidus dog maintains itself on salt and water bal 
ance on a low and high salt intake The phenomenon is apparent 
in the studies of Hare, Hare, and Phillips 917 in both diabetes in 
sipidus and normal dogs, and in those of Wesson, Anslow, and 
Smith, 3173 where its possible relation to the maintenance of normal 
salt and water balance was emphasized 

Baldwin, Kahana, and Clarke 77 record that the infusion of 09 
per cent saline at a rate of 1 to 3 cc/mm in 2 dogs increased the 
filtration rate from a mean of 67 8 cc (range 41 6 to 91 5) to the 
range of 80 9 to 94 8 cc , and the PAH clearance from a mean of 
209 cc (range 124 to 295) to the range of 218 to 399 cc Ten per 
cent saline (2 to 5 cc/mm ) had even more marked effects on both 
functions The filtration fraction in both instances remained fairly 
constant 

Green and Tarah 880 did not observe an increase in filtration 
rate in dogs infused with 1 7 M sodium chloride, but this function 
nearly doubled in a dog infused with o 147 M Why the more con¬ 
centrated solutions should be without effect on glomerular activity 
in their experiments is not clear 
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The studies of Wesson and his colleagues,who have utilized 
the administration of Locke’s solution to produce a maintained in¬ 
crease in glomerular activity in their stud} of sodium excretion m 
the dog, have been described above This increase in glomerular 
activity is apparent!} not attributable to an increase in blood iol- 



Ficure 6j Immediate changes in renal function and sodium excretion in the 
dog following a meal containing 60 gm of sodium chloride The circles repre 
sent the responses after the first meal, the triangles the responses after this 
diet had been maintained for i week. Each datum is the average of 3 clearance 
periods (Ladd and Raisz 

ume, since it outlasts the expansion of the latter, as indicated by 
the transient hemodilution, and it is not induced bj some agents, 
such as acacia,*** which expand blood \olume without expansion, 
and probablj with contraction, of the extracellular fluid * 

* The explan ted dog kidney increases in size dunng saline and water diure 
sts " This may be referable in part to dilatation of the tubules and collecting 
ducts by increased urine ' olume, and m the case of saline in part to hyperemia. 
Hyperemia cannot, however, be invoked to explain this swelling dunng water 
diuresis 
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The oral administration of salt, when water is allowed ad 
libitum , has apparently the same effect upon glomerular activity 
in the dog as the intravenous administration of saline Ladd and 
Raisz 1186 find that the oral administration of salt in quantities up 
to 4 gm/kg induces a rapid increase in filtration rate (up to 100 
per cent) and renal plasma flow (fig 61) The excretion of sodium 
is correspondingly accelerated to rates in excess of 1 mEq/min 
So effective is this excretion that a daily salt intake of this mag 
mtude (equivalent to 280 gm in a 70 kg man) may be main 
tamed for some days without an increase in body weight, visible 
signs of edema, or elevation of plasma sodium or chloride concen 
tration The postabsorptive level of the filtration rate and renal 
plasma flow may be slightly increased 24 hr later, but both re 
turn to normal by the third day of a continuing high salt diet * 

The effects of saline appear to be much the same in the rat as in 
the dog Saline (50 cc/kg of 85 mM/hter per os) increased the 
filtration rate by 300 per cent and the diodrast clearance by only 
25 per cent (filtration fraction = 040), with no effect on Tm D in 
the studies of Dicker 810 on this species In data collected under a 
variety of conditions no correlation could be established between 
the quantity of sodium and chloride filtered and the quantity re 
absorbed, and reabsorption was independent of urine flow The 
reabsorption of potassium was, however, inversely correlated with 
the filtration rate during water diuresis 812 

EFFECT OF SALINE UPON THE FILTRATION RATE IN MAN 

The filtration rate is increased in human infants by hypertonic 
saline, 488 but the results in adults reveal a marked species dif 
ference between man, on the one hand, and the dog and rat on the 
other 

Unlike the dog, the glomerular response to intravenously ad 
ministered saline in man is so slight and so variable as to present 
one of the most noteworthy species differences Crawford and 
Ludemann (pers com ) found that 1 to 3 liters of isotonic saline 
administered rapidly (13 to 56 cc/min ) increased the post infusion 
filtration rate by more than 10 per cent in only 4 out of 29 sub 

* The susta ned increase in renal function in the dog associated with a h gh 
protein d et is probably unrelated to any concurrent increase in salt intake 
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jects, in 6 instances the filtration rate decreased b> 5 per cent or 
more The results were no different in 4 patients who had been 
maintained for a week on a high salt diet In onlj 6 instances did 
the PAH clearance increase after saline by more than jo per cent 
(12,16,16, 20, 28, and 123 per cent) Hypertonic saline (500 cc of 
5 per cent salt solution) was slightly more effective but still un 
impressive, the filtration rate increased m 3 instances (16, 19, and 
98 per cent), remaining essendallj unchanged in the other 3 
( — 2, +6 and 7 per cent), the PAH clearance increased in 5 in 
stances (li, 22, 26, 39, and 90 per cent) and decreased in 1 (7 per 
cent) 

In the face of the effectiveness of saline in increasing glomerular 
activity in the dog and rat, and in the face of the all but firm!) 
established relationship between extracellular fluid \olume and 
glomerular activity (with reference to glomerular tubular balance 
and sodium excretion), these negative results are at least dis¬ 
quieting They impl> to the writer that glomerular activity in 
man is stabilized to a greater degree than in the other species 
studied, or that its regulation involves undiscerned factors which 
are of less importance in the other species It is significant, as 
Crawford and Ludemann emphasize, that isotonic and hypertonic 
saline are retained in man for long periods, onl> some 25 per cent 
at best being excreted within three and a half hours, in contrast 
to the dog, m which, after the administration of isotonic saline, 
a return of 75 per cent or better within this period maj be ex 
pected The marked increase in filtration rate and rapid excretion 
of saline in the dog and the absence of such an increase and the 
sluegish excretion in man are doubtless causallj related 

Crawford and Ludemann find no correlation between the 
changes in filtration rate and sodium excretion In 7 out of 11 in 
stances, the rate of sodium excretion increased after isotonic saline 
by more than 10 per cent (16 to 282 per cent) despite no change or 
a decrease in filtration rate This circumstance can only reflect 
changes in the reabsorptive activit) of the tubules Leaf, Couter, 
and Newburgh 1 **° report that when a normal subject changed 
from a low to a high salt diet the filtration rate and endogenous 
creatinine chromogen clearance increased by about 33 per cent, 
and were accompanied by increased sodium excretion, a second 
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subject, who showed no increase in filtration rate, showed no in¬ 
crease in sodium or chloride excretion, while in a third there was 
no correlation bet veen the filtration rate and the excretion of so 
dium Sodium citrate was without effect upon the filtration rate, 
partly because of conversion to and preferential excretion of so 
dium as bicarbonate 

Among the variable factors involved in determining the re 
sponse to saline in man (and possibly in the dog) is the previous 
history of the individual with respect to hjdration Ladd 1185 has 
found that if normal subjects are hydrated with 2000 cc of tap 
water 9 to 11 hr before the administration of saline (3000 cc ofo 9 
per cent sodium chloride intravenously at 45 to 65 cc/min ), they 
respond with a transient, paradoxical water diuresis, in that large 
quantities of dilute urine are excreted during the later part and 
shortly after saline administration At the peak of diuresis the 
U/P ratio of inulin or endogenous creatinine chromogen falls to 
the range of 5 to 8 (average 6 o) This seems to involve a water 
diuresis rather than a pure saline diuresis because the osmotic 
U/P ratio decreases to the range of 03 to 07 (average 04), 
whereas in saline diuresis, as observed in non hydrated subjects, 
this ratio remains above 1 o at the highest urine flows 
The preliminary dose of water, of course, produces a typical 
diuretic response, as revealed by chromogen U/P ratios of 6 to 9 
and by the excretion within 4 hr of some two thirds of the ad 
ministered water One notable feature of this phenomenon is that 
it fails to occur m subjects hydrated with the same dose of water 
less than 7 or more than 14 hr before the injection of saline It ap 
pears that this period of hydration has left some trace or hysteresis 
effect in the body which transmutes a saline diuresis into a water 
diuresis A second notable feature is that during the idmimstra 
tion of saline the osmotic pressure of the plasma (as measured by 
freezing point depression) increases, 1 e water diuresis occurs in 
the face of the signal stimulus which should induce maximal water 
reabsorption This paradoxical diuresis may be prevented or ar 
rested by the intravenous administration of pitressin in physio¬ 
logical doses and fails to occur after the intravenous administra 
tion of hypertonic saline (3000 cc of 1 1 per cent sodium chloride 
solution), indicating failure of response of a still active supra 
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opticohypophysial sjstem under conditions that normally activate 
it Whatever the explanation, Ladd’s observations mav help to 
clarify some of the irregularities in the response of man to saline, 
as well as the fact that the diuretic response to water itself is quite 
variable 

The sluggishness of the human kidney in respect to its response to 
saline can be observed in other studies presenting no specific information 
on renal function Stewart and Rourke " TO * report the administration 
of o 9 per cent saline to the extent of 6 5 liters/da> to postoperative 
patients expanded thiocjanate space by approximately 90 per cent and 
plasma volume by 60 per cent The daily increments, however, become 
progressively smaller and b> 3 to 5 days a maximal expansion was fol 
lowed by a gradual subsidence Increase in the quantity of plasma pro¬ 
tein maintained a protein concentration at nearly 6 gm/100 cc Similar 
quantities of 5 per cent glucose reduced the volume of the thiocyanate 
space, possibly, as the authors suggest, because of the failure of the kid 
neys to conserve sodium in the face of the (glucose and ? ) water diuresis 
Unfortunately, since these observations were made in postoperative pa 
tients neither the accumulation data nor the apparent compensation of 
the body to repetitive administration can safely be transferred to nor 
mal subjects 

Perera and Blood 15 ” have shown that normal subjects, when de 
pnved of salt, undergo diuresis and loss of weight (c 1 kg) in 24 hr, 
while Grant and Reichsman 845 report that subjects taking 20 to 30 gm 
of salt per day with water ad libitum show within 48 hr a similar gatn 
in weight, the plasma volume, blood volume, venous pressure, and thio¬ 
cyanate space also being increased * Lyons Jacobson, and Avery 155 re 
port an average weight gam of I 9 kg in 7 subjects taking 40 gm of 
salt in 48 hr In 6 of these the plasma volume increased by a mean of 
156 per cent Sodium bicarbonate had a similar but significantly smal 
ler effect on weight 

Eichelberger and Roma 590 report that, when hypotonic saline (77 
mEq/Iiter) was infused in large volumes into dogs, the average urine 
excreted contained 90 mEq/Iiter of sodium and chloride, while the con 
centration in the retained fluid ranged from 60 to 76 mEq/Iiter The 
resulting hemodilution leads to a movement of extra water into the 
muscles liver, skin, erythrocytes, and brain 

* Hypertens ve subjects do not show this abrupt change in we ght ,,,, but 
weight loss is evident when they are kept on a low salt diet for longer periods.’** 
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WATER RETENTION AND ITS EFFECTS ON SODIUM BALANCE 
The fact that sodium retention m man leads to water retention is 
clearly demonstrated The question whether water retention leads di¬ 
rectly to sodium retention is not so clearly answered As noted in chap¬ 
ter x, chloride excretion increases abruptly during the transient poly¬ 
uria and the onset of permanent polyuria in diabetes insipidus animals, 
but neurohypophysectomy appears to produce no specific change in the 
manner in which the kidney handles sodium, for permanently diabetic 
animals soon come back into normal sodium balance 1785 2245 In view of 
the trauma associated with the production of experimental diabetes in¬ 
sipidus, this transient excretion of chloride is difficult to interpret 
Short term water diuresis experiments are equally difficult to inter 
pret Eggleton 479 found that, during water diuresis, chloride excretion 
decreased in 8 out of 9 subjects, the average decrease being 30 per cent, 
confirming earlier investigators cited by her During the diuresis in 
duced by alcohol (which apparently inhibits ADH secretion) a simitar 
decrease in chloride excretion occurred 688 Crutchfield and Wood 457 re¬ 
port that water diuresis usually decreased sodium excretion, however, 
the difference in the mean excretion of 41 patients selected without re¬ 
gard to the control output (330 8 mg/hr during diuresis as compared 
with 336 o mg in the controls) is so slight that its significance is ques¬ 
tionable. The authors state that, if the control urine flow is ‘low/ so 
dium excretion may be increased by diuresis, but their division of pa 
tients with respect to ‘low’ and ‘adequate’ unne flows is somewhat ar¬ 
bitrary Opposed to these reports are the data of Barclay, Cooke, Ken 
ney, and Nutt, 82 which show no consistent pattern of chloride excretion 
during water diuresis Kattus et a/, 1093 in well controlled but short term 
(3 hr) experiments, noted that large variations in urine flow did not 
appreciably modify the pattern of sodium excretion, but inspection of 
their data reveals that water diuresis (during their control periods be 
fore exercise) was almost invariably accompanied by increased sodium 
excretion, never by decreased excretion 

It would seem that, if short term water diuresis per se does affect 
sodium excretion, the effect is easily obscured by unrelated variations 
m sodium balance, filtration rate, and other factors The evidence as a 
whole can scarcely be said to support the belief that hydration of the 
body leads directly or indirectly to sodium retention * 

* The point assumes importance in view of the implicit assumption by sev¬ 
eral workers that increased excretion of ADH or other antidiuretic factors in 
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It is of interest that Eggleton m found that, in the same individuals, 
tea (560 cc) increased chloride excretion by 150 per cent while water 
decreased it by 70 per cent The diuretic response was itself 30 per cent 
greater with tea than with water This may in part be related to an m 
crease in filtration rate produced b> caffeine, but more important is the 
fact that xanthine derivatives increase sodium excretion b> specifically 
reducing tubular reabsorption (ch xxvii) 

EXERCISE 

Barclay and his coworhers r report that chloride excretion is consist 
ently reduced during exercise, and Sinclair Smith, Kattus, Genest, and 
Newman ,50 * have shown that mild exerase (walking 3 m p h on a mo¬ 
tor-driven treadmill) causes significant retention of sodium and chlo¬ 
ride, independently of changes in filtration rate as measured by the en 
dogenous creatinine or muhn clearance The fraction of filtered sodium 
excreted was reduced bj 17 to 65 per cent (average 63) of the value 
obtained during the control period, increased reabsorption persisting 
for an av erage of 37 mm after the end of exercise Standing quietly hid 
a slight effect in promoting sodium and chloride retention Variable but 
typical antidiuresis was assoaated with exercise The excretion of potas 
sium and phosphate showed no predictable correlation with changes in 
sodium excretion Sodium retention is not related to loss of sodium in 
sweat or to elevation of blood lactic aad, the authors note that it may 
reflect changes in the secretion of the adrenal cortex or neurohypo- 
physis 

De Muylder and his coworkers 4 ” soomsir mJM.sos.joa have reported 
sodium chloride and potassium clearances m rabbits, including obser¬ 
vations after the injection of pitressin in small and large doses, and of 
isotonic saline and glucose, as well as observations of the effects of such 
injections and of the subcutaneous injection of hjpertomc glucose on 
the mulm clearance and minimal inulin U/P ratio They develop the 
theory that oliguria or anuna is the result of a reduced filtration rate, 
which is itself a compensatory reaction to increased oncotic pressure 
and hyponatremia In view of the ease with which reflex oliguria can be 
established in the rabbit, uncertainties with respect to variations in 
glomerular activity in relation to hydration and the complications pre 
sented by osmotic diuresis, these experiments are difficult to interpret 
The complexities presented in the excretion of sodium make it difficult 

hepatic cirrhos s card ac fa lure, etc, leads first to water retention and then to 
sodium retention and the production of edema- The assumption seems at pres¬ 
ent to have no evidential foundation 
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to interpret experiments on the effects of drugs and hormones on chlo 
ride excretion without further data 1179 1,80 1181 

DIURNAL VARIATIONS IN GLOMERULAR ACTIVITY AND IN ELECTROLYTE 
AND WATER EXCRETION 

It has long been known that there is a diurnal rhythm in water and 
electrolyte excretion in man 1379 1 898 1 899 The urine volume and urinary 
sodium, potassium, and chloride excretion are substantially greater dur 
mg the day than at night, the larger urine volume of the day being as 
sociated with a negative water balance counterbalanced at night by a 
positive water balance Only slight fluctuations are evident in urinary 
phosphate, sulphate titratable acidity, and ammonia, although there is 
almost uniformly a larger excretion of all these solutes during the day 
than at night No significant shift in calcium and magnesium was ob 
served The excretion of water and electrolytes reaches a maximum 
from 6oo am to 12 oo noon, declines in the afternoon, and falls off 
sharply at night to reach a minimum from 12 oo midnight to 6 oo a m 
The specific gravity, attributable largely to the nitrogenous fraction, is 
highest at night because of decreased urine volume, in spite of the fact 
that the total amount of nitrogen excreted is slightly diminished De 
hydration and fasting do not markedly affect this diurnal rhythm in 
sodium and water excretion, although fasting may reverse potassium 
excretion 

The mechanism involved in maintaining this diurnal rhythm appears 
to be related to the sleeping and waking states rather than to changes 
in physical activity, although the influence of the latter has not been 
wholly excluded If the individual sleeps during the day and is active 
at night, the rhythm is reversed 1833 Simpson 1899 1900 had earlier shown 
that the excretion of phosphate and chloride is lower during sleep than 
during the waking hours in fasting subjects resting in bed under cir 
cumstances which do not disturb phosphate metabolism Short periods 
of sleep during the day caused a decrease in urine volume in only i out 
of 17 subjects, showing the persistent tendency of the diurnal rhythm 

The studies of Popper and Brod, ,MS and Brod !iS indicate that this 
diurnal rhythm is accompanied by a qualitatively parallel variation in 
filtration rate, as judged by the endogenous creatinine chromogen clear 
ance, which increases during the morning and decreases at night, and 
particularly during sleep The rhythm is reversed in chronic congestive 
heart failure (ch xxu) 

Sirota, Baldwin, and Villarreal, 1904 using a constant intravenous low 
speed infusion pump with a flexible plastic intravenous catheter, have 
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followed the filtration rate and renal plasma flow throughout a 24 hr 
period The mean night to da> (N/D) or sleeping/waking ratio for 
unne flow m 18 normal subjects was o 83 ±039, for inulm U/P ratio 
1-40 =fc O-41, for mulin clearance 09^40 07, /or endogenous creatinine 
chromogen clearance 09740 06, and for PAH clearance o 9S 4= O c6, 



Figure 6 " D nmal variations in renal function in noTial man. Arcrasre data 
from 18 male subjects. The decrease in unre flow and the increase in irul n 
L P ratio during sleeping hours (12 pm to 8 am ) are statistically s gnificant. 
(Sirota, Baldwin, and \ illareal , »- 4 ) 


th« data mdicate a significant decrease m unne flow, a significant in¬ 
crease in tubular reabsorption of water, and a relatively constant filtra 
Con rate and renal plasma flow Howet er, during the 4 hr period from 
12x0 midnight to 4:00 am , corresponding to the pe-iod of deepest 
sleep, there was a slight but significant fall in filtration rate with no 
change in renal plasma flow (fig 62) The decrease in unne flow at nicht 
is almost wholly attributable to increased tubular reabsorption of water 
Simpson ,m has shown that arm diuresis occurs even when the fluid in 
take at night equals that of the day 
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Baldwin, Villarreal, Sirota, Schreiner, and Wesson (pers com ) found 
that in 4 of the subjects above in whom the N/D inulm clearance ratios 
were I 02, I 13, o 97, and o 94, respectively, the N/D ratios for sodium 
excretion were 077, 079, 071, and 059 In a fifth, in whom the N/D 
inulm clearance ratio was o 97, the N/D sodium ratio was 1 81 Despite 
constancy in the filtration rate, there appears to be a definite increase 
in sodium reabsorption at night, except in the 1 patient noted 

CONTINUOUS DIURESIS 

Coon, Noojm, and. Pfeiffer 4aI gave 100 to 300 cc/kg of fluid orally to 
dogs in doses of 50 cc/kg every half hour The rate of onset of diuresis 
was largely independent of salt content but the maximal urine flow (8 
cc/min in a 10 kg dog) was obtained with 04, 05, and o 6 mg per 
cent of sodium chloride, lower unne flows being obtained with stronger 
(07, 09 per cent) and weaker (o 2 or o 1 per cent) solutions, o 2 per 
cent sodium chloride produced the least change in chloride balance, as 
shown by lack of cumulative action and minimal change in serum chlo¬ 
ride They suggest that o 5 per cent sodium chloride is most diuretic 
because it is more rapidly absorbed from the gastrointestinal tract than 
are more concentrated solutions, but once the fluid is absorbed the kid 
ney cannot (?) excrete more than o 2 per cent sodium chloride in diu 
retie quantities This interpretation may be questioned in favor of dif 
ferential effects on the filtration rate and on the several systems involved 
in the excretion of salt and water Pfeiffer et «/ 160 report the effects on 
diuresis in dogs of adding calcium, magnesium, and potassium to o 45 
per cent sodium chloride Their results must await further knowledge 
for interpretation 

Wolf 225511257 has shown that, when salt solutions of various concentra 
tions are given intravenously to dogs at a rate of 2 3 cc/min , excretion 
of salt and water ultimately approaches a steady state which m most 
instances is reached by the seventh hour Two concentrations of infu 
sate yield a urine with about the same chlonde/water ratio as the in 
fusate, 170 mEq/liter (which Wolf calls the non limiting isorrheic * 
concentration), and c 500 mEq/liter (which he calls the limiting isor 
rheic concentration) In similar studies on man, Wolf defines a third or 
minimal, isorrheic concentration of C40 mEq/liter, which presumably 
is also applicable to the dog The non limiting isorrheic concentration 

* An isorrheic concentration is one at which during a steady state relative 
input of salt and water is equal to relative output of salt and water The term 
was first used by Eggleton, Pappenheuner, and W inton in their studes of 
the isolated kidney 
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of 170 mEq presumably represents a fluid upon which, after prolonged 
infusion, the body performs no changes in its overall operations of salt 
and water conser\ation This figure is not far from the isosmotic con 
centration of sodium chloride (o 945 gm/roo cc of water, or 161 mEq/ 
liter) and it is not clear whether or not the difference is significant 

At infusion concentrations above c 500 mEq/liter, relatively more 
water than salt is excreted, so that dehydration and salt retention occur 
Such infusions are rapidly injurious, leading to intense thirst and sodium 
intoxication * Between concentrations of 170 and 500 mEq/hter, the 
kidney operates to convert such fluid as is retained to a concentration 
of 170 mEq/hter by excreting more salt than water This is essentially 
the threshold plasma concentration (106 mEq/hter) described by Rch 
berg,'® 8 ® at which water and salt were reabsorbed (and therefore ex 
creted) in exactly the same proportions as they are present in plasma 
Conversely, between 40 and 170 mEq/hter the kidney operates to con 
vert the retained fluid to a concentration of 170 mEq/liter b> excreting 
more water than salt At 40 mEq/hter, the urine again has the same con 
centration as theinfusate This is virtually a state of water diuresis with 
salt loss which is perfectly compensated by the simultaneous excretion 
of infused salt, as described below Below 40 mEq/hter, more water 
than salt is excreted—the response is that of simple water diuresis For 
urea, the only isorrheic concentration is 35 mg/cc, which appears to 
reflect a maximal urinary concentration during the steady state of 
Wolfs experiments Wolf**** has applied his overall balance studies to 
the excretion of potassium chloride, potassium bicarbonate, ammonium 
chloride, and sodium bicarbonate, and presented certain ‘constants* 
which he believes to be physiologically significant He has also presented 
a method of calculation of the osmotic changes in the extracellular fluid 
induced by varying loads of solute 

Wolfs non limiting isorrheic concentration for sodium chloride (i/° 
mEq/hter) is, as noted abo\e, nearly identical m osmotic pressure with 
the plasma (161 mEq/liter) One might infer that, at tins level, the 
complex mechanisms for conservation or rejection of water and salt are 
minimally activated, and with infusions of lesser concentrations the 
complex adjustments of the glomerular apparatus and of sodium and 
water reabsorption are operating to restore the plasma sodium concen 
tration to this value Although affording an interesting approach to the 
ultimate consequences of changing the volume and composition of the 

* The value of joo mEq/liter is not the maximal sod rum chloride concentra 
tion of the urine, which reached 7-5 mEq/liter in some of W olf s studies on the 
dog and 6lO mEq/hter in those of Adolph on man r 
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body fluids, the experiments are not designed to throw any light upon 
the mechanisms involved 

Wolf 2,58 reports that, when protracted water diuresis is maintained 
m man by repetitive drinking at rates varying from 6 to io cc/min , 
the rate of excretion of water comes ultimately to exceed the rate of in 
take by an average of 8 per cent The total output, including insensible 
loss (o 7 cc/min ), may exceed intake by 15 to 25 per cent During this 
maintained diuresis, the chloride concentration of the urine decreases to 
a minimum of c 34 mEq/hter, the rate of excretion leveling off at co 28 
mEq/mm The reasons for continued chloride excretion are unknown, 
and no information is available relative to sodium balance, but the data 
are interpreted as showing that sustained water diuresis of sufficient 
magnitude has both a dehydrating and chloruretic effect * Wolf finds 
that the chloride lost during diuresis, if referred to the excess water ex 
cretion plus water lost by insensible perspiration, has the proportion of 
about 170 mEq/hter, a figure identical with the non limiting isorrheic 
concentration in dog and man, implying that the excess water is ex 
creted because of the loss of chloride from the body (This relationship 
breaks down when the water intake exceeds 10 cc/min , presumably 
because the kidneys are unable to excrete water as fast as it is ingested 
and the condition of a steady state cannot be maintained ) One might 
infer that the addition of salt to the ingested fluid to the extent of 40 
mEq/hter results in an equalization of the relative rates of salt and 
water intake and output (minimal isorrheic concentration), compensat 
ing for the disturbance m sodium balance occasioned by water 
diuresis 

Wolf and Ball 2261 have studied the ‘steady states,’ with respect to 
sodium and sulphate excretion, which are reached in the dog as a result 
of the prolonged infusion of various sodium sulphate solutions They 
find the infusion of isotonic sodium sulphate (134 mM/kg water at 4 t 
cc/min ) leads ultimately to a urine flow close to the rate of infusion 

In the absence of more detailed knowledge of the effects of such solu 
tions on glomerular and tubular activity, the data collected during sus 
tamed infusions throw no light on the fundamental renal operations or 
upon non renal factors which may be important in controlling sodium 
excretion The analysis of renal function must necessarily progress 
slowly, but it seems doubtful to the writer that it will be accelerated by 
the empirical approach 

*The deh>drating and chloruretic effects are not demonstrated at diuretic 
rates as low as J hters/day of water (3 cc/min ), as recommended for the treat 
ment of cardiac edema ™ 
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Nelson, Rosenbaum, and Strauss (pers com) have not confirmed 
Wolf with respect to the excretion of chloride during prolonged water 
diuresis They find that, in normal subjects taking water at a rate of 
20 cc/min (300 cc ever} 15 mm ), diuresis begins within an hour and 
reaches a peak of 10 to 15 cc/ram within 2 hr, thereafter tending to 
decrease to as little as half the peak let el despite the fact that water is 
accumulating in the bod), as demonstrated by weight increase and dilu 
tion of plasma electrolytes, protein, hemoglobin, and hematocrit by as 
much as 10 per cent In these experiments, prolonged water diuresis is 
accompanied b> water retention rather than excess water excretion, but 
the intake exceeds the anticipated magnitude of facultative water ex 
cretion by a significant amount 

The unne chloride concentration and the rate of chloride excretion 
decreased to 5 mEq/liter and o 03 mEq/mm at unne flows of 6 cc/mm , 
and to 7 mEq/liter and o 07 mEq/mm at flows of 10 cc/min , figures in 
sharp contrast to the figures of 34 mEq/liter and o 28 mEq/mm re 
ported by Wolf Nelson et al suggest that the maximal rate of diuresis 
depends on the salt load available for excretion, when salt has recently 
been ingested, or after preloadmg the day before, peak diuretic levels 
were attained almost twice as high as were ordinarily observed, and a 
diuresis of 10 cc/min or higher was maintained for as long as 9 hr 
Only by increasing the salt content of the bod} was it possible to avoid 
accumulating a positive water balance, and then this was accomplished 
only for the first few hours This interpretation conforms with the view 
that the water available for facultative excretion is related to the distal 
load of sodium, as expressed above 

CYAMDED KIDSEV 

Nicholson u * 4 has perfused one dog kidney in situ with cyamded blood 
while using the other kidney as a control The inulm and creatinine 
clearances remained unchanged and identical, but the reabsorpnon of 
water was greatly reduced, the U/P ratio of creatinine decreasing from 
the range of 50 to 191 down to 7-4 to 17 5 There was no evidence of 
back diffusion of creatinine, but the urea/inulm clearance ratio fell in 
the average from o 58 to o 33, showing excessive back diffusion of urea, 
and revealing that this ratio (at adequate unne flows) is a sensitive in 
dicator of tubular integrity The tubular excretion of phenol red was 
entire!) abolished, this clearance falling to the level determined by un¬ 
bound dye The pH of the unne changed from acid (5 57 to 6 76) or al 
kahne v alues (7 92 to 7 98) to that of the blood (7-40 to 7 55) The unne 
volume increased from low levels (03s to 1 13) up to some lo per cent 
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of the filtration rate (range 6 1 to 13 o), and the chloride U/P ratio fell 
from 1 or above down to exactly 1 o Glucose excretion was only slightly 
increased Although the author does not suggest this interpretation, the 
results are suggestive that cyanide may have a specific action on the 
distal tubule, blocking the distal reabsorption of sodium and water and 
the acidification of the urine by H + ion exchange, in the proximaj tu 
bule the only indicated action is the arrest of tubular excretion, the 
proximal reabsorption of glucose and of sodium appeared to be unim 
paired 


HISTOCHEMICAL STUDIES OF CHLORIDE DISTRIBUTION 

Several cytological and histochemical studies have been made of the 
distribution of chloride in the renal medulla and cortex by Feyel and 
Vietllefosse, MI Glimstedt, 787 Ljungberg, 1256 and oth-is before them 
These studies have been reviewed by Ljungberg and tht present dis 
cussion will be limited to the observations reported by this investigator 

Ljungberg has applied the Linderstrom Lang technique to the micro¬ 
analysis of sections 18 7511 thick cut from a 3 mm core of rabbit kidney 
He finds that the chloride concentration in such a column shows a char 
actenstic concentration curve increasing from cortex to medulla (fig 
63) In the outermost zone of the cortex the chloride concentration av 
erages some 2 57 per section (142 mg/100 gm ), the concentration in 
creases slightly within the cortex, to drop abruptly to a minimal value 
at 3 50 mm from the surface, and to rise again progressively to figures 
in excess of 907 per section (1000 mg/100 gm ) at the apex of the me 
dulla This figure exceeds the chloride concentration in any other known 
tissue The minimal value at 3 50 mm depth coincides with the bound 
ary between the cortex and the outer zone of the medulla, the region 
in which the thin limb begins to appear in significant numbers among 
the straight segments of the proximal and distal tubules and collecting 
ducts That the progressive concentration of chloride in the medulla is 
not attributable to urine in the collecting tubules is indicated by the 
facts, first, that the total area of these lumina and the thin segments is 
only some 8 per cent of the medullary cross section, and, second, the 
chloride content is apparently unrelated to the urine chloride concen 
tration, which in Ljungberg s experiments ranged from 81 to 1089 and 
averaged 418 =fc 64 mg/100 cc 

When parallel sections are stained with a silver reagent, argento- 
philia is practically absent from the thin segment, and only faintly 
present in the proximal tubule and thick descending limb, it is pro¬ 
nounced, however, in the distal convoluted tubules and more particu 
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Iarly in the collecting tubules * The specificity of this method for the 
demonstration of intracellular chloride has been questioned b} Lison, 1 - 51 
and the final interpretation of Ljungberg s studies must await further 
information on this point 



Figure 63 Solid cur* e chloride content (7 sodium chloride per section 18 73 n 
thick, 3 mm diameter) of rabb t kidney from cortex to medullary pap lla. In 
the inner zone of the medulla the concentration per unit volume exceeds that 
in whole blood (301 mg/ico cc) 

The dotted bne shows the chloride distribution in the cyanide po soned hid 
ncy (Ljungberg UM ) 

If it is accepted, as Ljungberg argues, that the intracellular argento- 
phihc substance is chloride, it appears that the concentration of thu 
ion tn the collecting ducts reaches remarkable proportion'.- B) various 
assumptions he calculates the intracellular chlonde concentration to b** 

•The density of silver impregnation increases distally in the collecting tu 
bules when chlonde excretion is minimal and recedes proximal!) when excre¬ 
tion is maximal This observation presents d fncultj in any interpretation 
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less than 99 to hi mg/100 gm in the cells of the proximal tubules, and 
between 2500 and 2700 mg/100 gm , or 25 times more, in the cells of the 
collecting ducts The plasma chloride in the rabbits with which he worked 
averaged 361 mg/100 cc, so that the calculations indicate an intracel¬ 
lular concentration in the collecting ducts some 7 times that of the 
plasma 

In rabbits killed 1 hr after the injection of 2 cc of o 05 per cent potas¬ 
sium cyanide, the concentration of chloride, both as shown by histo- 
chemical anal) sis and silver staining, is reduced in the kidney as a whole 
and particularly in the distal system (fig 63) Similar reduction is ob¬ 
served in Masugt nephritis 1157 

Ljungberg interprets his data as indicating that chloride reabsorption 
in the proximal tubule is a matter of passive diffusion, while reabsorp- 
tion in the distal system is an active process and involves a step wherein 
chloride is concentrated within the cell However, the evidence for ac¬ 
tive reabsorption of sodium (with chloride as a passive anion) in the 
proximal tubule is so firmly established that it cannot be lightly set 
aside, and the a -priori inference that active reabsorption requires cellu¬ 
lar concentration is refuted (if we accept the specificity of Ljungberg’s 
results) by the absence of a high intracellular chloride concentration in 
the proximal tubule Also negating this inference are the functional data 
on the failure of tubule cells to concentrate intracellularly substances 
which are actively excreted (phenol red, diodrast, and hippuran) 

The intracellular concentration of chloride in the distal tubule and 
collecting ducts may be related to active chloride reabsorption as Ljung¬ 
berg supposes, if so, it would seem that the mechanism concerns the re- 
absorption of sodium and not of chloride because, m the absence of an 
exchange anion (for which there is no evidence), chloride could not be 
reabsorbed without sodium, and indeed the evidence cited earlier in 
this chapter leads to the conclusion that it is sodium which is operated 
upon by the tubules and that chloride is an indifferent anion 

An alternative view, admittedly without evidential support but en 
ticing as a speculation, is that an extraordinarily high intracellular con 
centration of (sodium ? potassium ? protein ? ) chloride is involved in the 
distal system in the reabsorption of water to form a hypertonic urine 
Under appropriate conditions water would diffuse into such an intra¬ 
cellular system by osmotic pressure to form a urine with an osmotic 
U/P ratio in excess of 1 o In this theory, the water, once m the cell, 
would of course have to be disposed of, but this may be accomplished 
by metabolic disposal or by an osmotic pump that reconcentrates the 
intracellular electro!) te Vaguely, the interpretation is more attractive 
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than the supposition that isotonic tubule cells abstract w ater molecules 
per sc against the osmotic pressure of a hypertonic unne 

POTASSIUM 

The potassium clearance under normal conditions is less than the 
filtration rate 7733 and, since potassium is completely ultrafiltrable, it has 
been generally accepted that only tubular reabsorption t$ involved in 
its excretion \ potassium U/P ratio less than j o has never been re 
corded, but this fact does not exclude active reabsorption The regu 
lation of the excretion of this cation is, however, very obscure The 
clearance at normal plasma levels in man is independent of urine flow 
down to o 6 cc/min , below which the clearance falls, possibly because 
of a reduction in filtration rate.’* 7 *** It is said that in infants the clear 
ance paradoxically vanes inversely with the plasma level, but an abrupt 
increase m clearance, accompanied by a reduction in plasma level, is 
said to occur immediately after the oral administration of potassium 
salts 7717 

Isolated records of potassium clearances greater than inulin clear 
ances ,ia<U5SI aroused no special interest until recentl} Wire 770 records 
potassium/inuhn clearance ratios rn adrenalectomized cats of l-fi and 
i 55 at a time when the inulm clearance was very low, and he observed 
numerous ratios close to I o when the inulm clearance was more nearly 
normal Subsequently Mudge, Foulhs, and Gilman 11,7 and Berliner and 
Kennedy ,M have independently shown that, under certain conditions in 
dogs, potassium-creatinine clearance ratios substantially above I o may 
be obtained for protracted periods of time, an observation which has 
been confirmed by \\ esson and Anslow (pers com ) during osmotic di 
uresis Mudge et al found that the clearance ratio increased from 005 
to o 10 at normal rates of unne flow to o 80 to o 90 during marked urea 
diuresis, when the creatinine U/P ratio was about 2 At still lower crcat 
mine U/P ratios the potassium/creatinine clearance ratio rose to 1 36 
Similarly high ratios were obtained during the infusion of potassium chlo¬ 
ride The highest clearance ratio reported by 11 esson and Anslow * ri dur 
mg mannitol diuresis was o 95, but the ratio reached 1 91 during urea di 
uresis Berliner and Kennedy found that with the preliminary oral ad 
ministration of potassium chloride during the experiment, clearance 
ratios of 1 15 to x 33 could be obtained for many successive periods 

It is assumed that extensive potassium reabsorpnon occurs in the 
proximal tubule, supplemented by tubular excretion m the distal sys¬ 
tem, and that the distal process, normally small, is increased during 
potassium overload in the body This is the first instance in which it 
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has been necessary to postulate the simultaneous reabsorption and tu 
bular excretion of any substance The physiological implications of such 
a double system are not clear 

The high potassium/creatinine clearance ratios are abolished by mer 
curial diuretics (Wesson and Anslow, pers com ) 1436 

Berliner, Kennedy, and Hilton 182 find that, during the excretion of 
non reabsorbable anions (ferrocyamde or thiosulphate), infusion of po¬ 
tassium regularly results in ratios of excreted to filtered which are higher 
than can be obtained during the excretion of chloride, the minimal tu 
bular excretion of potassium so far exceeds the possible tubular excre 
tion of anions that a cation exchange mechanism must be postulated 

Neutral potassium chloride and bromide when given intravenously 
lead to the excretion of a highly alkaline (pH 8 o to 8 5) urine contain 
ing large amounts of bicarbonate 2139 2238 The potassium clearance in 
normal cats appears to be generally independent of urine flow except 
under conditions of extreme oliguria where emptying errors may be 
large 2249 

Conway, Fitzgerald, and MacDougald 899 have shown that the proxi 
mal tubule in the isolated frog kidney contains little intracellular so¬ 
dium, although it can accumulate potassium against a gradient to up¬ 
wards of three times its normal concentration They believe that the 
cells of the proximal tubule are impermeable to sodium, but freely 
permeable to potassium and chloride The distal tubule, which normally 
contains little potassium, does not accumulate potassium over the ex 
ternal concentration The authors argue against the interpretation that 
sodium and water are reabsorbed in the proximal tubule, because so¬ 
dium does not accumulate in the cell There is no reason to expect ac 
cumulation of sodium in the proximal tubule, however, if this ion is ac 
tively reabsorbed by this segment Substances undergoing tubular trans 
port are not stored in the tubule cells Phenol red, for example, is ex 
creted by proximal tubules tn vitro against a concentration gradient 
greater than 100 to 1, and yet no phenol red accumulates in the cell 
and the evidence is against the accumulation of diodrast or hippuran in 
the proximal tubule during excretion in man 1938 The absence of sodium 
from the proximal tubule implies active transport rather than otherwise 

CALCIUM, MAGNESIUM, AND STRONTIUM 

Little is known concerning the specific features of calcium excretion ex 
cept for the facts that the total excretion can be increased or decreased 
by varying the calcium and phosphorus intake, the acid base forming 
properties of the diet, and by certain physiological means such as the 
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administration of parathyroid hormone The deficienc) in our know! 
edge on how calcium is handled b> the kidnejs arises in part from th* 
complexit) of the phjsical-chemical state of this substance in the 
plasma 

The total calaum content of normal human plasma ranges from 9 to 
11 5 mg/100 cc (2 3 to 3 o mM/liter) Onlj about half of this is diffusi 
ble, 1 ^ 79 the rest being combined with plasma proteins Calcium and mag 
nesium proteinates are probablv much less completely ionized than are 
the corresponding sodium and potassium salts The dissociation of cal 
cium protemate is affected b) the protein and calcium ion concentra 
Don, and also by pH, temperature, albumin/globulm ratio, etc. In addi 
non, the ph)siological acuvuj of the diffusible calaum depends upon 
its electrochemical condition It is well known that amc, tartaric, 
g)> cerophosphonc, and other h>droxy or dicarboxyhc acids form poorlv 
ionized calaum salts, while Greenwald ,S1 has adduced evidence that 
calaum and magnesium carbonates and phosphates are not comp’etely 
dissociated, and that calaum, but not magnesium, forms a complex 
with carbonate and phosphate basing the composition Ca- PO4 COj 
Calaum chloride may be thought of as nearlj completely dissociated 
into calaum and chloride 10ns, the former being phjsiolomcall) acme 
but the calaum in the organic complexes is not available in an ionic 
condition Most investigators have favored the belief that a significant 
fraction of the plasma calaum is in the form of a non ionized, non- 
protein salt of such a nature as calaum atrate, milM -’ ,m a fraction which 
is sometimes designated as calaum X The phj siological activity of cal¬ 
aum X has been investigated b) McLean and Hastings ,u ~ using the 
exased frog heart, which is extremel) sensitive to the ionic composition 
of the perfusion fluid, as a test for calaum ions With this biological 
method they have concluded that the quantnj of calaum X is normally 
no greater than o 5 mg per cent , of the remaining calaum about half is 
present as calaum protemate and half as calaum ion 

It is to be expected that the excretion of calaum will not be related 
in an) simple manner to the total calaum of the plasma That portion 
combined with protan is unavailable for flltramn, as perhaps is also 
much of the (colloidal ? ) phosphate complex, and it is probable that 
calaum X and other complexes formed with carbonate and phosphate 
as well as poorl) ionized salts of organic aads with free phosphate 
groups, would not be handled by the kidney as are calaum io"S Hence, 
clearance studies must remain ambiguous until the state of calaum m 
the plasma is subject to better analysis 
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Physiological control appears to be such as to maintain not so much 
a constant concentration of total calcium in the plasma as a constant 
concentration of physiologically active calcium 2063 One of the chief 
mechanisms involved in this regulation is the hormone of the parathy¬ 
roid glands, which influences the equilibrium between plasma calcium 
and the calcium in the bones 

Calcium differs from sodium and potassium by the fact that when 
ingested much of it escapes through the bowel, only a small part appear¬ 
ing in the urine This is due to the circumstance thit it is precipitated 
as insoluble salts in the alkaline intestinal fluids For this reason cal 
cium chloride produces acidosis, in the net ionic balance it is as though 
hydrochloric acid were absorbed and calcium excreted as the carbonate, 
phosphate, or soap The belief that calcium and magnesium are excreted 
into the bowel is challenged by McCance and Widdowson 1202 on the 
grounds that during prolonged intravenous administration both salts 
are almost completely recovered in the urine without any increase in 
the fecal salt However, the intestinal secretions probably contain not 
less than i mM/hter of calcium, and the total volume of these secre 
tions is probably not less than 8 hters/day, if this salt is precipitated like 
orally administered calcium, it would be lost in the stool In this sense, 
it might be better to speak of the unavoidable loss of calcium, rather 
than its excretion, by way of the intestinal tract 

Nothing is known about the renal excretion of magnesium and stron 
tium except that the kidney roughly distinguishes calcium from stron¬ 
tium, the latter being excreted more rapidly 1018 Only one-third to one 
half of the intravenously administered strontium is rapidly excreted, 1303 
but, of that which is excreted, 90 per cent appears in the urine That 
portion not excreted is deposited in the bones 

The administration of parathyroid hormone to normal dogs raises the 
total serum calcium and the filtrable calcium, and increases both the 
rate of tubular reabsorption and the rate of excretion The increased 
reabsorption can be attributed to the increased filtered load, and it is 
inferred that the hormone has no specific effect on tubular activity 
The hypercalcemia and hypercalcuna produced by the hormone are the 
results of its extrarenal actions in mobilizing calcium from body stores 1087 

Dogs receiving steady intravenous infusions of calcium chloride or 
gluconate for 5 hr show no specific diuretic responses The excretion of 
calcium under these conditions has been described by Wolf and Ball,* 280 
but in the absence of data on plasma concentration these data are amen 
able only to empiric description 
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IODIDE, ETC. 

In experiments uncontrolled with respect to sodium excretion, the iodide 
clearance in the dog, at plasma levels of 5 mEq/Iiter, averaged about 
17 per cent of the filtration rate.* 00 But, on a low sodium chloride diet, 
the iodide clearance, at plasma iodide concentrations of i.6 mEq/hter 
or less, ranged from 0.05 to 0.79 cc/min. Administration of sodium 
chloride increased the clearance to 17.7 cc/min., the iodide/chloride 
clearance ratio always being greater than j.o. 1T ” Inorganic radioactive 
iodide was cleared at a rate averaging 31 cc/min. of plasma in 7 normal 
subjects. Exclusive of observations 3 hr. or more after administration, 
the average clearance was 27 cc/min. in 11 patients with thyrotoxicosis 
After 3 hr. the plasma contains radioactive thyroxine, which invalidates 
renal clearance determinations. 1 *** 

The thiocyanate clearance in dogs is likewise very low fo.l to 7.1 
cc/min.) and related to the simultaneous excretion of (sodium) chloride, 
as shown by an increase in clearance after sodium chloride administra¬ 
tion and by a positive correlation (P ** +0.92) between thiocyanate 
excretion and chloride excretion. 10 ** In man, Berger (pers. com.) finds 
a chlonde/thiocyanate clearance ratio ranging from 0.3 to 3.0, roughly 
scattered above and below 1 o. Breed (pers. com.) in 10 hypertensive 
subjects obtained thiocyanate-mannitol clearance ratios a\ eraging o 077 
(o 038 to o 20) The bromide clearance is likewise low, 22 observations 
in the dog (Berger, pers. com.) giving a bromide/chloride clearance 
ratio of 0.6. 

Nitrate and chlorate are excreted very slowly, but no quantitative 
data are available. 

It may be recalled that iodide, nitrate, and thiocyanate are excreted 
by the aglomerular kidney (ch 11). 



CHAPTER XII 


The Adrenal Cortex and Addison's Disease 


In 1855, Thomas Addison identified the disease that bears his 
name with the complete destruction of the adrenal glands Sub¬ 
sequent investigations have shown that the physiological dis¬ 
turbances in Addison’s disease are apparently due to the deficient 
secretion of incompletely identified hormones elaborated by the 
adrenal cortex A syndrome comparable in nearly all respects with 
Addison’s disease can be produced in mammals by bilateral re¬ 
moval of the whole glands, or of the cortex alone Complete bi¬ 
lateral destruction of the adrenal medulla is not lethal and is not 
related to adrenal insufficiency or Addison’s disease The most 
notable physiological defect in acute adrenal insufficiency is 
failure of sodium conservation by the kidneys, with consequent 
loss of sodium and water from the body, and progressive reduction 
•at fste-attIVaVat ftuvA vcAwrcre. -appursracVung VttVwA ivnv.vi ’wAhvft 

a few days Symptomatically, acute adrenal insufficiency is 
marked by the development of weakness, anorexia, prostration, 
vomiting, hypotension, dehydration, oliguria, and shock 
Most of the physiological disturbances in Addison’s disease and 
in adrenalectomized animals appear to be secondary to oligemia 
(circulatory insufficiency, hjpotension, tachycardia, feeble pulse 
and cyanosis, hepatic hypoxia and insufficiency, impaired glucose 
and fat absorption, elevated serum calcium, oliguria, azotemia) 
353 
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since the> can be parti) or wholly alleviated by the administration 
of sodium chloride Some may, however, be related directi) to 
impaired carboh>drate and protein metabolism, or to the unbal 
anced effects of other endocrine organs 

Bloody diarrhea is commonly present in the adrenalectomized 
dog, but even bloodless diarrhea is relativel) infrequent in man 
Chronic adrenal insufficiency in man is characterized by acute 
exacerbations which punctuate a progressivel) downward course 
These 'adrenal crises’ are most likely to occur following stress 
Even in the absence of acute symptoms, the chronic Addisonian 
patient usually manifests asthenia, unusual susceptibility to 
fatigue, and a characteristic brown pigmentation of the skin and 
mucous membranes of the oral cavity, attributable to an increased 
production of melanin 1,74 

Baumann and Kurland 100 first called attention to a marked de¬ 
crease in the plasma concentration of sodium and chloride and a 
rise in plasma potassium in adrenalectomized cats Loeb**** 
showed that a significant decrease in plasma sodium concentra 
tion was characteristic of cnsts in Addison’s disease, and that the 
patient could be kept symptom free by the addition of large 
amounts of salt to the diet Loeb and his associates mo mi and 
later Harrop and his coworkers *’* demonstrated that the decrease 
in plasma sodium in the adrenalectomized dog resulted from an 
abnormal loss of this cation through the kidney It is now estab¬ 
lished ,m that the sequence of events in acute adrenal insufficiency 
is referable in considerable measure to progressive reduction of 
body fluid as a result of failure of the reml tubules to reabsorb so¬ 
dium, with secondary Joss of water This dehydration is reflected 
by an increase in hematocrit and some increase in serum protein 
concewtr&ttatv, and by a. reduction of plasma and interstitial fluid 
volume With increasing dehydration, renal function decreases 
and nitrogen, sulphate, and phosphate retention, fixation of urine 
specific gravity, and failure of ammonia formation follow In un 
treated patients the plasma sodium may decrease xo to 15 mEq 
below the low normal value of 140 mEq/hter, and during crisis to 
100 mEq/hter Plasma chloride usually decreases more than bi 
carbonate During acute adrenal insufficiency, the plasma potas¬ 
sium may increase from the normal value of 4 to 5 mEq/hter to 
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double this value, and potassium intoxication is potentiated by 
excessive retention 

Even in the earlier stages of adrenal insufficiency, when sodium 
concentration and hence the osmotic pressure of the plasma is re 
duced, water shifts from the extracellular to the intracellular com¬ 
partment, leading to increased water content in the tissues and 
aggravating the reduction in plasma and extracellular fluid vol 
ume 3S71239 2034 2033 2074 

The adrenal cortex is the source of many steroid compounds, 
some a8 or more having been isolated, while other active com¬ 
pounds of unknown composition remain in the amorphous residue 
These compounds appear to have two general functions The des 
oxycorticosterones, 1 e those lacktng a keto- or hydroxy-group at 
carbon n, appear to be concerned primarily with the regulation 
of electrol) te balance, a function which (we presume on the pres¬ 
ent evidence and contrary to a number of earlier opinions) is 
mediated entirely by promoting the reabsorption of sodium in the 
renal tubules The pure compound which has been most exten 
sively studied is the synthetic desoxycorticosterone acetate 
(DCA) It has not been demonstrated that desoxycorticosterone is 
a normal product of the adrenal cortex, the only substance iso¬ 
lated from the adrenals that has strong sodium retaining power is 
chemically wholly unlike desoxycorticosterone and has no effect 
on potassium excretion * 2060 Some of the cortical stenods exist in 
chemical union with ascorbic acid The increased reabsorption of 
potassium characteristic of adrenal insufficiency ma> be related to 
failure of sodium reabsorption, or it more probably reflects an in 
dependent renal disturbance ,73,2 ' ,9J It is significant, however, 
that potassium retention does not occur if the sodium intake is 
adequate to maintain sodium balance 

That the renal conservation of sodium is, so far as short periods 
of time are concerned, the most important action of the adrenal 
cortex is demonstrated by the fact that adrenalectomized animals 
can be maintained in a moderate^ good state of health for in 
definite periods simply b> increasing the dietary intake of salt 

* The synthetic compounds, corticosterone and deh> drocorticostcrone, though 
less effective than desoxycorticosterone, have a similar action on the renal con 
servation of sodium and the excretion of potassium 
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Conversely, the clinical picture of acute adrenal insufficiency can 
be induced in the Addisonian patient by restricting the intake of 
salt to about 1.5 gm/day, and corrected, except in its terminal 
stages, by increasing the salt intake. 

The second established function of the adrenal cortex concerns 
the intermediate metabolism of protein and carbohydrate, es¬ 
pecially under conditions of emergency demand. The synthetic 
compound E of Kendall (ii-dehydro-17 hydroxycorticosterone, 
cortisone) is highly potent in this respect. 11 * 5 It is not known 
whether or not this compound is normally elaborated by the 
adrenal cortex. That it is not essential for life is shown by the fact 
that Addison’s disease can, except for emergencies, be treated as 
successfully either with DCA or dietary salt as with whole cortical 
extract. Compound E induces moderate retention of salt and 
water. 1 *** It has attracted attention because of the dramatic relief 
of rheumatoid arthritis and other conditions effected by its ad¬ 
ministration in relatively large and probably unphysiological 
doses. 

The adrenal cortex also elaborates androgenic and estrogenic 
substances, but so far as is known these have no relation to renal 
function. 

Selye ,M1 has reported extensive studies of the role of the ad¬ 
renal cortex in what he calls the ‘alarm reaction.’ Adrenalecto- 
mized animals are especially susceptible to many forms of stress 
such as cold, anoxia, hemorrhage, burns, acute infection, etc. 
Such trauma regularly cause enlargement of the adrenal glands in 
norma! white rats in the course of a few hours, while some of them 
at least have been shown to bring about rapid depletion of the 
ascorbic acid content of the glands, perhaps indicating rapid ex¬ 
cretion of a ‘mother compound.’ In such traumatized animals 
there is also a decrease in the cholesterol content of the glands 
and an increased excretion in the urine of material which pro¬ 
longs the life of adrenalectomized rats, and which increases the 
storage of glycogen in the hver of fasted, adrenalectomized rats. 
This urinary corticoid material is presumed to be of adrenal ori¬ 
gin. During these ‘emergencies,* the requirement for adrenal 
steroids of the compound E type is increased, and adrenalecto¬ 
mized animals or patients with severe Addison’s disease main- 
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tamed only with DCA or salt continue to be susceptible to severe 
spontaneous hypoglycemia and other metabolic disturbances 
which may prove fatal under conditions of stress 

ADRENOCORTICOTROPHIC HORMONE (ACTH) 

The adrenal cortex is under the trophic influence of the adreno 
corticotrophic hormone (ACTH) of the anterior pituitary gland, 
and hypophysectomy leads to atrophy of the cortex unless ACTH 
is administered Dougherty and White st0 have shown that both 
ACTH and adrenal cortical extract cause disintegration of lymph¬ 
oid tissue, a process which is accompanied by an increase in cir¬ 
culating gamma globulin believed to be liberated from this tissue 
This increase in gamma globulin results in an increase in cir¬ 
culating antibodies There is simultaneously an increased excre 
tion of uric acid, presumably resulting from accelerated nucleo 
protein metabolism Thorn, Prunty, and Forsham * on have de¬ 
vised a test for adrenal competence based upon the administra 
tion of a single dose of ACTH to stimulate cortical secretion, the 
test is considered positive if the uric acid/endogenous creatinine 
ratio is increased in a urine sample collected during a period of i 
to 3 hr after injection of 25 mg of ACTH, and if the eosinophil 
count shows a sharp drop 1 i-Hydroxycorticosterone gives a posi 
tive Thorn test, but DCA is without effect Adrenalin has a similar 
action on the eosinophil count and the lymphoid tissue, since it 
stimulates the secretion of ACTH It is not yet established that 
the increased excretion of uric acid is a result of increased produc¬ 
tion rather than decreased tubular reabsorption * 

GENERAL EFFECTS OF DCA IN NORMAL ANIMALS 

Because of the ready availabtlit) of the pure synthetic preparation, 
DCA has been more extensively studied than any other compound re 
lated to the cortical steroids As noted above, it is not yet determined 
that desoxycorticosterone is a normal product of the adrenal gland 

Administered in excessive amounts to normal animals and men, DCA 
induces sodium f and water retention, increased potassium excretion, 

* It will be recalled that a wide variety of compounds interferes with the 
tubular reabsorption of unc acid 

t Contrary to its usual action in normal subjects, DCA increases sodium ex 
cretion m patients with Cushings syndrome m “ 
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and a decrease in plasma potassium Plasma sodium ma> be ele 
\ated some 5 or more mEq/liter Prolonged administration of DCA to 
normal dogs leads to muscle weakness with replacement of as much as 
30 per cent of the muscle potassium by sodium The blood pressure is 
increased in patients in whom hypertension had been present before the 
onset of acute adrenal insufficiency, and the development of hjperten 
sion has been reported 1591 in patients treated with DCA in whom there 
was no evidence of previous hjpertensive disease, while h) per tension, 
and cardiovascular and renal lesions have been produced in normal rats 
treated with massive doses of DCA and salt 1835 This hypertensive effect 
has not been confirmed, however, in dogs on a high salt diet ' D ' ,< Wood 
bury, Cheng, Sa>ers, and Goodman 1 * T9b find that the effects of large 
doses of DCA in elevating the plasma concentration of sodium and de 
creasing that of potassium is antagonized by ACTH, and thej believe 
that large doses of DCA produce a deficiency of adrenal cortical secre 
tion by inhibiting the adrenocorticotrophic activity of the anterior pi 
tuitary The> suggest that hypertension, increased size of the heart and 
kidnej, nephrosclerosis, and other cardiovascular changes produced b) 
DCA m experimental animals are toxic manifestations resulting from 
excess exogenous DCA and a deficiency of 11,17-oxysteroids consequent 
to inhibition of pituitary activity 

Massive doses of DCA m normal dogs and rats lead to the develop¬ 
ment in a few weeks of poijdipsia and polyuria, which are exaggerated 
by the dietary administration of excess salt (potassium chloride is with 
out specific effect) Polyuria cannot be produced m DCA treated rats 
on a low salt diet »»uiTU«ueM j n neither species does the rate of fluid 
excretion approach the magnitude reached in diabetes insipidus, how 
ever, and, unlike diabetes insipidus, pitressm has onlj a moderate anti 
diuretic effect This polyunc action is exaggerated by hypophjsec 
tomy 4Jxaa>1 BS8 - 1 Water and saline diuresis are accelerated b> DCA 
and cortical extract, but the return of water is not increased Tsum 
DCA in doses up to 30 mg/day does not increase the water exchange 
of normal cats, and m this species it does not exaegerate diabetes in 
sipidus Normal man, given smaller doses than necessary to produce 
polyuria in dogs, responds to DCA by retaining sodium and water ‘ m * 

The increased urine flow induced by large doses of DC A (other adrenal 
corticoids are apparently not active in this respect) is frequently lik 
ened to diabetes insipidus, but the parallel is unsafe Gaunt, Birnie, and 
Eversole, 7 " in reviewing this and related problems, note that two fac 
tors are involved (a) augmentation of thirst as a result of sodium re 
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tention, and (b) an assumed inhibition of tubular reabsorption of water 
The evidence for the latter is, however, based largely upon the damping 
of water diuresis m adrenal insufficiency, the presumption being that 
this is due to the absence of some ‘diuretic’ potency in the adrenal 
gland The problem is too complex for so simple an interpretation The 
questions of electrolyte distribution between tissues and extracellular 
fluid, the concentration of sodium in the plasma, changes in the filtra 
tion rate and sodium load delivered to the distal tubule, and a possible 
toxic effect of large doses of DCA on the tubules themselves, all require 
further investigation before a physiologically specific ‘diuretic’ activity 
can be attributed to DCA or any of the naturally occurring adrenal 
hormones 

Rusznyak, Foldi and Szabo 1753 report that desoxycorticosterone glu 
coside (percorten), administered intravenously, greatly increases Titiq 
T hey suggest that this effect results from an increase in phosphoryla 
tion in the renal tubules The phenomenon was absent in alloxan-treated 
animals 497 However, Lambert, Lebrun, and de Heinzelin de Brau 
court 1,99 report that in lo patients the administration of percorten in 
travenously decreased Tma by an average of 30 per cent The filtration 
rate, as measured by thiosulphate, was not altered Five control experi 
ments showed that the repeated intravenous injection of glucose did 
not change Tma, and the solvent (acetamide glucose) was without ef¬ 
fect The authors are examining the question whether this action of 
percorten is to be attributed to the fact that it is a glucoside 

Friedman, Polley, and Friedman 771 report that DCA pellets, subcu 
taneously implanted m rats, produce hypertension, cardiac hyper¬ 
trophy, and altered renal function, the concomitant feeding of 1 per 
cent saline intensifies the renal changes The plasma concentrations of 
potassium and chloride ire initially decreased, the sodium concentra¬ 
tion and the sodium/chloride ratio are increased, and finally both so¬ 
dium and potassium concentration are increased Calcium excretion is 
unaffected Their interpretation of alterations in renal function follow¬ 
ing DCA administration are not completely validated by their data 
They state that the alteration in renal function consists first of a reduc¬ 
tion in the PAH clearance, but that the blood flow to each unit of func¬ 
tioning excretory tissue is normal so that no ischemia is present * Later 
the quantity of functioning tubular tissue decreases, while the renal 
plasma flow decreases even more, so that relative renal ischemia occurs 

* The CpA.11/Tmpxn ratios appear to be incorrectly calculated in some in¬ 
stances, but estimations from the means of the two terms would not alter this 
conclusion. 
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In this stage, gross interference with filtration is assumed to be present. 
Howe\er, examination of their data reveals that DCA alone had no 
apparent effect on renal function The animals treated with DCA and 
saline did not differ from the untreated or saline controls at the end of 
the second week., at the end of the fourth week Cp A h had decreased, 
but onlj at the end of the sixth week was there a probably significant 
decrease in Cp A H and Tmp^n Apart from the interpretation of the data 
as presented, the normal data on C p t s and Txnpts presented elsewhere 
(ch xvu) b> Fnedman and his coworkers differ significant) from the 
data reported by other investigators for this speaes It should be noted 
that the technique of renal clearance determination in rats is not satis- 
factorj to all investigators, and observations in this species must at the 
present time be accepted with reservations 

Swingle and Remington *“* concluded that DCA and related hormones 
directl) influence the distribution of electrol) res and water between the 
extracellular fluid and the tissues Gaudino and Levitt TS ® have re cx 
amined the question, using isotopic, Na 21 and K 42 , inulin as a measure 
of extracellular space, and D 2 0 as a measure of total bod) water They 
find that the administration of DCA to two normal dogs led to expan 
sion of the extracellular space (+40 to +53 per cent) at the expense of 
the intracellular space (—33 to —43 per cent), the intracellular concen 
traaons of sodium and potassium being reciprocally elevated at the 
peak of the response The filtration rate increased (+37 to +53 per 
cent), as drd the renal plasma flow (+23 to +42 per cent), nhtleTmpat 
decreased (—26 to —74 per cent) Serum potassium fell to nearly half 
its control value, plasma sodium remaining unchanged Total bod\ so¬ 
dium increased by 30 per cent over a penod of 16 days with a simulta 
neous increase in the average intracellular concentration of this ion 

Administration of cortical extract led, converse!), to expansion of the 
intracellular space (+25 to +39 per cent) and total bod) water (+30 
to +49 per cent), with no alteration in the extracellular space and wnth 
no consistent changes in filtration rate or renal plasma flow Tmpuj 
showed marked but contradictory changes Plasma sodium, potassium, 
and did not change significantly The effects of DCA and corneal 
extract in normal animals were transient, all variations tending to re 
mm toward normal on continued treatment, as others hav e ob«er\ ed * 
That DCA in large enough doses increases the filtration rate and renal 
plasma flow in normal dogs has also been reported by Collmgs, Down 

•The effects of DCA in the adrenalrctormzed dog were, however, persistent 
suggesting that the adrenal gland may itself descroj DCA 
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ing, and Hodges, 397 who attribute these effects to increased circulating 
blood volume (increased extracellular fluid ? ) 

RENAL FUNCTION IN EXPERIMENTAL ADRENAL INSUFFICIENCY 

Harrison and Darrow 921 first showed that bilateral adrenalectomy in 
dogs is followed by reduction in filtration rate and urea clearance to 
some 25 per cent of the control values, an effect only partly corrected 
m their experiments by salt or cortical extract They attributed the high 
concentration and consequent excesstve excretion of sodium in the urine 
of the adrenalectomized dog to failure of tubular reabsorption On the 
other hand, the maximal U/P ratio of potassium was reduced from 
40 to 75 in the normal to IO after adrenalectomy, and they believed 
that this circumstance, combined with oliguria, led to potassium reten 
tion The administration of salt, in their view, by replacing the sodium 
deficit in the body fluids, increases the filtration rate and urine flow 
and thus permits the excretion of greater quantities of potassium at a 
low U/P ratio, reducing the plasma potassium concentration Cortical 
extract, on the other hand, not only increases unne volume but also the 
maximal potassium U/P ratio (from 10 up to 20 to 35) Roemmelt, 
Sartonus, and Pitts 1739 also conclude that the retention of potassium is 
a manifestation of increased specific reabsorption of this cation and not 
directly related to diminished sodium excretion 

The evidence seems convincing that, in the untreated animal, adren 
alectomy rapidly leads to reduction of the filtration rate and modifica 
tion of other renal functions Friedman et al 719 report that 1 day after 
adrenalectomy in the rat the PAH clearance and TmpAH are reduced 
but the mulin clearance is unaffected Renal function returns to normal 
in 6 days The data were, however, obtained by comparing sham oper 
ated animals with adrenalectomized animals Boss, Birnie, and Gaunt 2,8 
report a 33 per cent decrease in filtration rate in rats 5 days after adren 
alectomy 

Ylvrz 2214 reports marked reduction m tVie fdtration rate m adrenalec 
tomized cats, and Gaudino and Levitt 7i0 find a marked and rapid re 
duction in filtration rate, renal plasma flow, and TmpAH in adrenalec¬ 
tomized dogs These, and all clinical studies in man, support the infer 
ence that the adrenal deficient organism is delicately poised with but a 
small margin of safety in salt and water balance and, without perfect 
maintenance of the latter, slips quickly in exsiccation with significant 
reduction in renal function merely because of this exsiccation The 1m 
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portance of more adequate knowledge on the filtration rate in this prob¬ 
lem cannot be overemphasued 

If maintenance therap) with either sodium chloride, DC^, or com 
cal extract is adequate, the filtration rate is apparentlj not reduced by 
adrenalectomy per Lotspeich found that the creatinine 

clearance in adrenalectomized rats maintained on a high salt diet ar- 
erages o 490 cc/100 sq cm , as compared with o 513 cc/100 sq cm in 
controls fed ad libitum and o 467 cc/ioo sq cm m salt fed controls, 
while Roemmelt, Sartonus, and Pitts 1779 found no reduction in filtn 
tion rate in adrenalectomized dogs maintained with cortical extract It 
seems probable that Harnson and Darrow’s dogs did not receive ade¬ 
quate maintenance therapy 

The filtration rate, renal plasma flow, and TmpAH are not changed 
when calculated on a surface area basis in normal or adrenalectomized 
rats treated with DCA and saline, but are decreased on the basis of 
kidney weight because of renal hypertrophj 717 

The administration of adrenal cortical extract had no marked effect 
on Tmo «n normal or ‘puncture’ dogs (the slight changes were negative), 
or in hypophjsectomized dogs, in which this function is reduced to low 
levels It also had no effect on the diodrast clearance in normal, punc¬ 
ture dogs or hypophysectomized dogs, and only slight positive effects on 
the inulin clearance 948 

Verj mild adrenal insufficiency, asymptomatic and with norma 1 blood 
volume and NPN, sodium, and potassium levels, was, however, accom 
panted by decreases in the diodrast clearance and Tmo as marked as 
those observed after hypophysectom}, with small decreases in the inu 
lin clearance DCA pellets restored renal function toward normal The 
asjmptomatic, adrenal-deficient dog did not respond, as did the nor¬ 
mal or the hypophysectomized dog, to anterior lobe extract with in 
creases in clearances and Tmn, despite the fact that the action of the 
hypophysial hormone is directly on the kidney and not mediated through 
the adrenotrophic hormone -a*-* 08 

In Gaudmo and Levitt’s study, 780 during adrenal insufficiency the in¬ 
tracellular space increased (+15 to +30 per cent) while the extracellu 
lar space decreased ( — 59 to —61 per cent) * Plasma volume is said to 
have remained fairly constant at mild degrees of insufficiency, when 
changes in the other compartments were prominent (the specific gravity 
of the plasma and the hematocrit were increased, however) The usual 

* Similar qualitative changes are reported m adrenalectomized dogs b> Flana 
gan and Overman,*** using the less reliable methods of thiocjanate for total 
bod> water and the single injection of mannitol for extracellular fluid 
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signs of adrenal insufficiency were present plasma sodium decreased 
and plasma potassium and NPN increased The filtration rate, diodrast 
clearance, and TmpAH all decreased 
Gaudino and Levitt conclude that the adrenal cortex has a primary 
influence on the equilibrium distribution of fluid between the extracel 
lular and intracellular compartments DCA produces a decrease in the 
intracellular and an increase in the extracellular space, adrenalectomy 
has the reverse effect Cortical extract simulates adrenalectomy in in 
creasing the intracellular space, but it does not significantly modify the 
extracellular space If DCA reflects the action of an adrenal hormone, 
the dissimilar actions of DCA and cortical extract may reflect a possible 
opposing role on the part of the physiological hormones * 

The shifts of water between the intracellular and extracellular com 
partments cannot be related solely to the concentration of electrolytes 
in these compartments In normal dogs during DCA treatment, water 
moved out of the cells at a time when the plasma sodium was unchanged, 
and against an increased intracellular cation concentration, while treat 
ment with cortical extract led to expansion of the intracellular space 
with no change in plasma sodium concentration At the height of ad 
renal insufficiency, water again shifted into the cells despite an un 
changed plasma sodium concentration Assuming that osmotic equilib 
num between plasma and tissues obtains at all times (an assumption 
that has not yet been proved), these facts indicate that adrenal activity 
influences the osmotically active constituents within the cell, other than 
sodium and potassium, so as to alter the effective intracellular osmotic 
pressure 

These investigators note that in the normal animal some mechanism 
operates to maintain the volume of the extracellular space remarkably 
constant After adrenalectomy, it may be conceived that continued loss 
of sodium and water make it impossible for this mechanism to operate, 
that there is no specific impairment of the regulatory mechanism is in 
dicated by the fact that the extracellular space is approximately pre 
served by the administration of salt alone, and changes in extracellular 
fluid volume are still reflected in changes in filtration rate and renal 
plasma flow, as m the normal animal Apparently the adrenal gland is 
not necessary for the regulation of the filtration rate in relation to extra 
cellular fluid volume But, in DCA treated animals, both normal and 
adrenalectomized, the extracellular space is excessively expanded, indi 
eating that DCA somehow disturbs the mechanism regulating the vol 

* The adrenal cortical extract used dtd not contain s gmficant quantit es of 
DCA 
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ume of this compartment without specifically blocking the control of 
glomerular activity. 

On DC 4 injection, plasma volume did not increase in 2 out of 3 dogs, 
despite 60 and 52 per cent increase in extracellular space, and in severe 
insufficiency the decrease in extracellular fluid on a percentile basis was 
about twice the decrease in plasma volume. This dissociation indicates 
that plasma volume is not a sensitive index of extracellular space. 

Under conditions of dehydration, the maximal concentration of the 
urine of the adrenalectomized dog, as judged by specific gravity and 
chloride content, is considerably less than normal. 11 ” So, too, in persons 
with Addison’s disease the maximal concentration of sodium in night 
(oliguric) unne samples is less than m normal subjects, while the con¬ 
centration tends to remain fixed after the ingestion of water because of 
damped water diuresis. These two circumstances lead to fixation of uri¬ 
nary concentration at an intermediate value, a phenomenon which has 
been made the basis of diagnostic tests for Addison’s disease. 1 *” 

In adrenalectomized animals and Addisonian patients, water diu¬ 
resis is typically diminished in extent and water excretion delajed in 
time 7» Tsun nsii7M.ii7i This blunting of diuresis is said to be uncor¬ 
rected by the administration of salt, despite the fact that, in adrenalec¬ 
tomized dogs maintained on a high sodium, low potassium diet, the 
urine formed at the peak of water diuresis is as dilute or nearly as di¬ 
lute as that obtained in intact animals. Abrupt water diuresis is in part 
restored by cortical extract, compound E, and the 1 i-oxjgenated corti¬ 
cal steroids, but DCA is less effective I, *’ 7S1 *»on» ] t seems probable 
that the blunting of water diuresis is attributable in great part to re¬ 
duced filtration rate, which results in reduced load of sodium and there¬ 
fore water delivered to the distal sjstem, supplemented perhaps by 
continuous secretion of ADH 

Diminished water diuresis in adrenal insufficiency is not related to 
the absence of the adrenal medulla. Bilateral demedullation in rats has 
no effect on the course of diuresis, even though the injection of adrena¬ 
lin into normal animals under certain circumstances augments the diu¬ 
resis to such an extent that dehydration may result even while water 
is being administered 718 

Adrenalectomized animals develop water intoxication after the re¬ 
tention of less water than is required in normal animals, a sensitivity 
corrected to some extent b> adrenalin, which increases the diuretic re¬ 
sponse in the rat; by DCA; and, more effectively, b> compound E. tu * 
7K.m:oii The protective action of DC\ is in part attributable to the 
promotion of diuresis, 171 (possibly because of an increase in the filtra- 
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tion rate) and possibly in part because of changes in the electrolyte con 
tent of the tissues and extracellular fluid 

Unilateral adrenalectomy moderately increases renal function on the 
operated side, but apparently only by interfering with the renal inner 
vation 1173 

Plasma urea and NPN are reported to rise in adrenalectomized dogs 
maintained on DCA, while plasma sodium and potassium and the filtra 
tion rate are still norma! There is no decrease in the urea/inulin dear 
ance ratio, and hence elevation of plasma urea implies increased pro¬ 
tein metabolism 2 98 

ACTION OF DCA ON SODIUM REABSORPTION BY THE RENAL 
TUBULES 

It has been widely assumed that DCA acts directly on the renal 
tubule to promote sodium reabsorption, and that it is simply the 
absence of this positive effect that leads to increased sodium ex 
cretion in adrenal insufficiency Some investigators, however, have 
suggested a more complicated interpretation 

Silvette and Britton 1893 reported that adrenalectomized opossums do 
not excrete sodium as readily as do controls and, consequently, they 
show a greater rise in serum sodium and chloride concentration after 
saline administration Cortical extract increased sodium excretion in 
both normal and adrenalectomized animals receiving distilled water, 
though the effects were variable when saline was given Posterior pitui 
tary extract increased sodium excretion in adrenalectomized animals, 
jin effect evident to a lesser if not negligible degree in normal animals 
Oliguria is characteristic of adrenalectomized opossums as of other 
mammals, and during oliguria there is a general tendency for the urine 
flow to vary with sodium excretion, since the urine flow was increased 
by cortical extrac*- in both normal and adrenalectomized animals (per 
haps more so in the latter), Silvette and Britton spoke of this extract 
as being diuretic, and concluded that there is a specific hormone of 
the adrenal cortex that acts in the kidney to produce (water) diuresis, 
antagonizing the influence of ADH Their interpretation clearly defines 
the antagonism in terms of the reabsorption of water by the renal tu 
bules, a view which then and now is unwarranted, since the filtration 
rate may have been increased in both normal and adrenalectomized 
animals (more so in the latter), thus delivering more sodium and water 
to the distal system and promoting either sodium or water diuresis 
Because ADH inhibits water diuresis, Silvette and Britton spoke of a 
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physiological antagonism between the adrenal gland and the neuro- 
hjpophjsis Such antagonism has also been inferred from the circum 
stance that adrenalectomy prevents transient polyuria in hypophysec 
tomized rats * *** The demonstration that DCA reduced sodium excre 
tion, whereas pitressm increased it,* 33 shifted the supposed antagonism 
between the adrenal cortex and the neurohypophjsis to the reabsorp- 
tion of sodium, rather than water, a view which has recently received 
support from Pitts and his coworkers 

Roemmelt, Sartonus, and Pitts m * have shown that the ad- 
renalectormzed dog, when given saline, concentrates sodium to as 
great a degree or greater than does the normal animal, showing 
that a reduction in the limiting maximal concentration of the 
urine per se cannot explain the renal deficiency in reabsorption 
Thej find, however, that in the adrenalectomized dog the capacit} 
to excrete sodium after saline administration is reduced, as is the 
capacit} to excrete water The depression of water diuresis they 
attribute to overproduction of ADH and/or increase in sensitmt} 
of the renal tubules to this hormone, since Birnie et al 171 ™ have 
reported an increased quantity of antidiuretic and chloruretic 
substance in the blood of adrenalectomized rats f In their view, 
increased secretion of ADH (or increased sensitivit} of the tubules 
to ADH) leads to excessive water reabsorption, and the resulting 
oliguria leads, b} a mechanism that is not clear, to an increased 
reabsorption of sodium, this is in turn reflected in an inability to 
excrete this ion with normal effectiveness after loading the bod} 
with saline They attribute the loss of sodium from the bod} at 
normal loads, the cardinal feature of adrenal insufficienc}, to the 
natriuretic effect of ADH, present in maximal concentration in 
this condition, the h}pothesis in this form thus shifts the exphna 
tion of the failure of the kidney to conserve sodium from a de 
ficienc} of DCA and its positive action on sodium reabsorption to 
the excessiv e natriuretic effect of ADH This theor} of a reap 
rocal or antagonistic action between ADH and DCA is extensively 
developed b} Gaunt, Birnie, and Eversole 784 m the interpretation 
of the S} mptom complex of adrenal insufficienc} 

•The blunting of polyuna in hypophysectom 2ed an mals has an adequate 
explanation in the marked drop in filtration rate (ch xv) without further com 
pi eating a surgically and physiologically involved situation by adrenalectomy 

t The questionable significance of such tests is discussed in chapter x 
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Certain observations of Winter and his colleagues are of interest 
in this connection The injection of 3 units of pitressin 3 times 
daily leads to a strongly negative sodium and chloride balance in 
cats, but the effect is temporary and is followed by a compensatory 
retention whether the injections are continued or not Salt ex 
cretion is said to be much less affected m diabetes insipidus an¬ 
imals than in normals, a circumstance which appears to apply to 
man (ch x) 

The transient polyuria and the onset of permanent polyuria in 
diabetes insipidus cats are both accompanied by abrupt, parallel 
increases in chloride excretion, but compensation occurs within 
2 or 3 days so that ultimately chloride balance is re established 
despite the absence of ADH 

After adrenalectomy, cats with diabetes insipidus show an early 
negative sodium balance similar to adrenalectomized animals with 
intact neurohypophysis Since the neurohypophysectomized- 
adrenalectomized animals die sooner than do animals with intact 
hypophysis, their postadrenalectomy loss of electrolyte is, in the 
total, not so great Such animals do not show the decreased plasma 
sodium and chloride concentration characteristic of adrenal¬ 
ectomy, presumably because of concurrent loss of water, but the 
characteristic increase in potassium still occurs 

The facts that adrenalectomy leads to a negative sodium bal 
ance in the diabetes insipidus animal, as in the animal with intact 
neurohypoph>sis, and that pitressin has little or no natriuretic 
activity in patients or animals with diabetes insipidus require 
reconciliation with the theory of Roemmelt et al > 1 e that natn 
uresis is attributable to excess secretion of or increased sensitivity 
to ADH * 

Sartonus and Roberts re-examined the problem in the dog 
and found that, in well hydrated dogs (40 cc/kg per os), pitressin 
in single doses of o 8 to 8 o milhumts/kg produced, after a latent 
period of about 15 min , an increase in sodium excretion which at 
the larger dose amounted to a maximum of 100 microEq/min and 

* The fact that when pitressin is given to adrenalectomized cats the excretion 
of sodium is not increased as in the normal animal »*'•«**» is compatible with the 
theory of pre existtng maximal ADH activity, if such maximal activity can be 
firmly established 
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lasted for 80 min or more Antidmresis was present for the first 
30 mm and was succeeded 1 to ij^ hr later b> an increase in 
urine flow of undetermined origin, which on occasion reached 4 
to 5 cc/min The intravenous administration of DCA (80 micro- 
gm/hn) in a sesame oil aqueous emulsion to hjdrated dogs ex¬ 
creting sodium at rates within 10 and 30 microEq/min led, after 
a latent period of 45 mm , to a sharp decrease in sodium excretion 
which lasted for some 75 mm This decrease in sodium excretion 
was accompanied at first bj a moderate reduction in unne flow, 
but ultimate!' resulted tn diuresis DCA had no effect on unne 
flow in dogs hjdrated in the standard manner, or upon the re¬ 
tardation of diuresis effected bj 08 milliunits of pitressm given 
15 min after the water load The authors therefore conclude that 
DCA has no effect on water diuresis per sc , or on the action of 
pitressin on water diuresis 

But when pitressm (o 8 milliumtAg) "as combined with DCA 
in increasing doses, the natnuresis characteristic of pitressin was 
progress!'cl> reduced, reaching a low \alue of 18 per cent of the 
control rate established b> pitressin alone when the dose of DCA 
was 80 microgm The authors suggest a quantitative relation be¬ 
tween the two agents, as suegested bj Silvette and Britton Both 
DCA and pitressm mdcpendentlj increased potassium excretion, 
and, when given in combination, showed almost complete sum 
mation in this respect The authors bchev e that aff these effects 
are independent of changes in the filtration rate. 

Sartonus and Roberts thus find no evidence that DCA exerts a 
diuretic action (referable specificallj to water rcabsorption or 
antagonism to ADH) The> do, however, affirm the conclusion 
that sodium excretion, at least within certain limits, is determined 
b> the balance between the natriuretic effect of ADH and the so¬ 
dium conservation effected bj DCA (or a similar hormone m the 
bodv) In adrenal insufficient, excessive pitressm secretion leads 
to sodium loss b> inhibition of sodium reabsorption * 

* The> note that the diuretic activity of DCA was established on long urine 
collection periods, which are complicated by variable water intake, and that 
others m ** 1 ** 1 have presented evidence that the polyuna of DCA intoxication is 
secondary to polydipsia, DCA leads to increased sodium reabsorption and sec 
ondanl) to an increased filtration rate and/or increased water intake. 
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Sartonus and Roberts attribute the retention of potassium in 
adrenal insufficiency to the absence of a DCA-lihe hormone which 
inhibits potassium reabsorption, supplementing the similar action 
of ADH The blunting of water diuresis they attribute to the un¬ 
opposed action of excessive ADH secretion or to increased sen 
sitivity of the renal tubules to this hormone 

The foregoing theory requires that pitressin possess a sus 
tamed natriuretic effect in all pertinent circumstances * in ad¬ 
renal deficient animals, and that an increased secretion of ADH be 
characteristic and invariable in all conditions involving failure of 
sodium conservation in the adrenal deficient animal, or that the 
tubules be hypersensitive to this hormone f If the premises are 
acceptable, the theory may be said considerably to reduce existing 
chaos 

Clearly, however, a final interpretation of the action of DCA 
and other adrenal cortical hormones on the tubular reabsorption 
of sodium and water must await further investigation It may be 
tentatively accepted (as has so long been believed) that DCA 
(and a DCA like hormone from the adrenal cortex) specifically 
increases sodium reabsorption in the renal (distal ? ) tubule, and 
that, in appropriate doses and under certain circumstances, ADH 
inhibits sodium reabsorption in the renal (distal ? ) tubule But, if 
the data on water diuresis are correctly interpreted (ch x), the 
secretion of ADH is a highly labile function, ranging from very 
little in habitual water consumers to almost continuous activity 
in men living under arid, dehydrating conditions On the other 
hand, the sodium balance of the body (to repeat) is one of the most 
carefully guarded features of the milieu interieur Consequently, 
to suppose that sodium balance is inversely (and precariously) re¬ 
lated to water balance goes against the basic physiologic facts that 
men do not go into exsiccatory (equivalent to adrenal) failure 
during prolonged dehydration so long as extrarenal salt loss is 

•Several reports have been cited in chapter x indicating that pitressin has 
no natriuretic action in normal subjects or dogs during water diuresis or in dia 
betcs insipidus 

t The difficulty of interpreting all tests for ADH, e\en by the use of massive 
quantities of concentrated unne (much less small quantities of plasma), has 
been noted m chapter x The postulate of hypersensitivity to ADH is, at the 
moment, perhaps gratuitous 
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avoided, or develop edema as a result of protracted hydration. It 
is perhaps worthy of note that two factors may have opposite 
effects, without being physiologically antagonistic in the regula¬ 
tion of a steady state: viz. insulin and adrenalin, or synaptic 
fatigue and skeletal muscle tone. 

The retention of potassium Pitts and his coworkers attribute 
to a specific increase in the reabsorption of this ion, unrelated to 
sodium reabsorption, since the time courses of the action of DCA 
on the tv o processes are different. That the retention of potassium 
is a renal affair is shown by the fact that neither DCA nor cortical 
extract influences the rising plasma level of potassium in ne- 
phrectomized dogs, i.e. these hormones are without effect upon the 
distribution of potassium within the body.” 10 Wirz 884 * reports 
that the potassium clearance is consistently reduced in adrenalec- 
tomized cats during insufficiency, but may nevertheless exceed the 
mulin clearance by 40 per cent or more. 

The administration of cortical extract and of DCA to adrenalec- 
tomized dogs in the experiments of Roemmelt et al. led to an in¬ 
crease in renal plasma flow substantially greater than was ob¬ 
served during salt maintenance, with no change in filtration rate 
and despite the fact that the filtration rate had not been reduced 
before adrenal therapy. 

RENAL FUNCTION IN ADDISON’S DISEASE 

Margitay-Becht and Gomori 1,84 were the first to attempt to assess 
the filtration rate in patients with Addison’s disease. In 3 patients 
they found values for the creatinine clearance of 68, 63, and 56 cc. 
during crisis, figures far below normal. Therapy with cortical ex¬ 
tract increased these figures to 105, 109, and 144 cc., practically 
within the normal range. McCance K *° reported a single patient 
not in crisis who had an inubn clearance of 50 cc. 

Talbott, Pecora, Melville, and Consolazio studied 10 pa¬ 
tients with chronic adrenal insufficiency, some of whom suffered 
pan-hypopituitansm. In most instances the patients were well 
compensated at the time of study and the renal changes, therefore, 
reflected the chronic effects of adrenal insufficiency rather than 
the disturbances of crisis. All Addisonian patients showed a low 
normal to very low filtration rate. DCA therapy increased the 
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filtration rate by an average of 32 per cent, cortical extract pro¬ 
ducing no greater improvement Limited observations on the 
diodrast clearance showed proportionately less reduction in renal 
plasma flow, and a somewhat low filtration fraction The filtration 
rate was also markedly reduced in the patients with pan hypo 
pituitansm, and the diodrast clearance was very low in the 2 pa 
tients studied In the few patients examined in both groups glucose 
Tm was markedly decreased, diodrast Tm only slightly so 

Sanderson att reported that the inulin clearance in 4 Addisonian 
patients during periods of insufficiency ranged from 55 to 58 per 
cent of normal, the diodrast clearance from 58 to 77 per cent 
Tmi> had a value ranging from 61 to 92 per cent of normal, but a 
specific deficiency in this value cannot confidently be inferred from 
the data, especially in view of the reduced renal blood flow The 
filtration fraction was low or low normal Treatment with salt 
and DCA increased the filtration rate in only 2 subjects and the 
plasma flow in 1 but the filtration fraction increased in all 4 
Treatment had slight positive effect on Tm D He suggested that 
the consistent rise in filtration fraction is related to the rise m 
blood pressure under therapy 

Waterhouse and Keutmann 2 50 studied 13 Addisonian patients 
who were receiving either salt therapy or DCA and who were in 
good clinical condition at the time of examination In 7 women the 
filtration rate, renal plasma flow, and Tiupati were consistently 
below the normal limits * Renal blood flow and filtration rate were 
also subnormal in all 6 men, renal plasma flow was markedly re 
duced in 1, but remained normal in 2 who had anemia (in anemia 
the blood flow but not the plasma flow is reduced 23 •) TmpAH was 
within normal limits in all men except 2 who had hypertensive 
disease, which may itself reduce this function The filtration frac 
tion was low on salt, and subsequentlj increased in 2 patients who 
were treated with DCA, this fraction was normal or slightly ele 
vated in all but 1 of the patients who had been maintained with 
DCA or cortical extract Although the CpAn/Tmp A n was low nor 
mal in the patients on salt therapy, those who had been on DCA 

* The excretory activ ty of ch ch prox mal t ssue in t ssue cultures is increased 
by whole cortical extract and by compound E but not by compound A or the 
amorphous fract on i^Ascorb c acid is also ineffective ** 
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therapy for long periods, or who had pituitan insufficient:}, 
showed a relativel} greater reduction of renal blood flow than of 
TmpAH This finding suggests that DC A therapv operated either 
to maintain Tmp A H or to reduce the effective renal blood flow, 
perhaps b> an adverse action on the renal vascular tree 

From Waterhouse and Keutmann’s observations, it appears 
that the patient with Addison’s disease prior to specific therapy 
will show a low filtration fraction , in contradistinction to pan 
hypopituitarism where the untreated subject maj be expected to 
show a high filtration fraction None of the functions studied in 
creased consistent!} under treatment with DCA or cor a cal ex 
tract, and it maj be that the treatment was inadequate or that 
irreversible changes had occurred m the hidne}s In this con 
nection, the sex differences noted above are of interest The renal 
blood flow and filtration rate were more markedl} reduced in 
women than in men, and in women Tmp^n was reduced whereas 
it was normal in 4 men without hypertensive disease Testosterone 
propionate failed to restore Tm PA n in women, although the 
authors recognize that hormonal factors made b} the testes appear 
to maintain a sex difference in Tm P *H in favor of males However, 
testosterone propionate is ineffective in increasing tubular func 
tion in dogs and man, despite its renotrophic action in rodents 
(ch xv) 

Repeated administration of ACTH increased the filtration rate, 
renal plasma flow, and uric acid clearance in 2 patients with hv 
popituitansm and in 1 patient with lymphatic leukemia, but not 
in a patient with pernicious anemia m 

As Talbott et n/ ,w * observe, the pathogenesis of depressed renal 
function in Addison s disease is functional, in the sense that no 
structural changes are consistentl} observed in the kidnejs of pa 
tients who have died of advanced adrenal msufficienc) Neverthe 
less, the data indicate that some impairment of the vascular tree 
and tubules of a profound and difficultl) reversible nature occurs 
in chronic disease and, in acute adrenal msufficienc), marked re 
duction of blood flow, filtration rate, and Tm PA H occur, though 
possiblj entirely because of arculatorv msufficienc} 

Clinical disturbances of unidentified etiolog} have been de 
scribed, in which there is abnormal retention of sodium and chlo- 



cushing’s syndrome 373 

ride, presumably renal in origin, 41 but the mechanism is wholly 
obscure. 

cushing’s syndrome 

Cushing’s syndrome is accompanied by hyperfunction of the ad¬ 
renal. In such subjects, DCA caused an increased excretion of so¬ 
dium rather than retention, 1980 1981 When 400 cc. of 5 per cent so¬ 
dium chloride were given to 3 normal subjects, chloride and water 
excretion Increased slightly during the next 80 min., while in pa¬ 
tients with Cushing’s syndrome chloride and water excretion were 
much more markedly increased. The effects of hypertonic saline on 
the filtration rate and renal plasma flow in both groups were slight 
and inconstant. The authors incline to the view that in Cushing’s 
syndrome there is increased production of hormones of the 17- 
hydroxycorticosterone type, which are believed to accelerate the 
excretion of sodium. 



CHAPTER XIII 


Acid-base Equilibria in Plasma and Urine 


EXCRETION OF ACID 

One of the most carefully guarded features of the electrol) te pat 
tern of the plasma is the H + ion concentration, which is main 
tamed close to pH 7 4 b> the buffering action of the salts of weak 
acids Because of its great importance in the neutralization of 
acids other than H 2 C 0 3 , the plasma BHC 0 3 is frequentl) called 
the ‘alkali reserve * For the neutralization of H 2 C 0 3 itself the 
other buffers of the blood and tissues, and chiefly the BHb of the 
red blood cells, afford a suppl> of base which is commonly desig 
nated as ‘total available base ’ * 

In the plasma, and hence in the glomerular filtrate, all the acid- 
base components—H 2 C 0 3> HPr, H 2 P 0 4 “, etc—are necessarily 
in equilibrium with the same H + ion concentration, and it is im 
proper to say that the latter is determined by any one buffer sys¬ 
tem But, in quantity of production and excretion, the H 2 C 0 3 — 
BHCO a system is by far the most important H 2 C 0 3 is the chief 
acid formed in the oxidation of food, the quantity produced by a 
normally active man amounts to over 20 mols/day, equivalent to 
2 liters of concentrated HC 1 or over 20 times the total available 

* We may omit the hemoglobin of the red cells from the following discussion, 
although this constitutes the chief source of alkali for the respiratory transpor¬ 
tation of CO , and is second only to NaHCOj in buffering the blood against the 
invasion of fixed acids, it participates in renal function only indirectly through 
the plasma, since the kidney cannot operate upon it directly 
374 
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base in the body, which may be taken as looo mEq Because of the 
volatility of its anhydride, C 0 2 , this acid is excreted almost en¬ 
tirely by the lungs Thus, in the first instance, the respiratory 
center is charged with the chief responsibility for regulating the 
H + ion concentration of the plasma by regulating its C 0 2 tension 
But, according to the mass law, BHC 0 3 * plays stoichiometricallj 
an equal part with H 2 C 0 3 in determining the H + ion concentra 
tion, and respiration has no power to regulate the concentration 
of BHCO3 in the plasma, which is accomplished entirely by the 
kidneys So, in the final analysis, the regulation of the H + ion 
concentration of the plasma or, more broadly, of the acid-base 
equilibria of the body fluids, is much more of a renal than a respir¬ 
atory problem 

Tending to deplete the body of its BHC 0 3 , or more accurately 
of its available base, are such non-volatile acids (H3PO4, H 2 S 0 4 , 
lactic, /3 hydroxybutync, etc ) as are produced by normal or ab 
normal metabolism The daily metabolism of 100 gm of protein 
produces on the average 60 mEq of sulphate by the oxidation of 
the protein S, and a quantity of phosphate by the oxidation of 
protein P, which requires 50 mEq of base for its neutralization 
to pH 7 4 An additional 50 mEq of base are required to neu¬ 
tralize the phosphate from 100 gm of fat containing 10 per cent 
lecithin Although most proteins bind considerable fixed base at 
pH 7 4, and meat contains some NaHC 0 3 , the potential acid ex¬ 
ceeds the intake of available base by some 50 to 100 mEq/day. 
In severe ketosis, an additional burden of 500 mEq or more of 
^-hjdroxybutync acid may be added from the incomplete oxida¬ 
tion of fatty acids, half of this acid requiring base for its neu¬ 
tralization at the maximal acidity of the urine (pH 4 5) 

A normal man excretes 10 to 30 mEq of free acid per day, and 30 to 
So mEq of acid combined with ammonia In diabetic acidosis the free 
acid may increase to 70 to 150 mEq, and the acid combined with am¬ 
monia to 300 to 500 If supplied with adequate unnary buffer, the hu¬ 
man kidney can excrete at least 480 mEq of free acid per day In ne¬ 
phritic acidosis the free acid drops to a to 20 mEq and that combined 
With ammonia to o 5 to 15 mEq/day 

•The expression BHCOj is to be preferred to NaHCOj, since any cation 
may participate in the stoichiometric reactions descnbed here 
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The administration of the neutral alkali salts of mineral acids (NaCl, 
K.C 1 , NaaSOi, etc ) has little effect upon the acid base balance of the 
blood, as might be expected, but the salts of organic acids, such as lac 
tic, acetic, citric, tartaric, etc., operate to increase the alkali reserve 
because the anion is oxidized to CO2 and H* 0 , and the base reappears 
as BHCO3 * Conversely, ammonium salts of mineral acids decrease the 
alkali reserve because the NH3 is converted to urea, leaving HCI to 
combine with base at the expense of BHC 0 3 The administration of 
ammonium chloride is an effective method of producing acidosis ex 
penmentallj or for therapeutic purposes, 15 gm being equivalent to 
280 cc. of N HCI The mineral salts (chloride, sulphate, etc ) of the al 
kahne earths (calcium, magnesium, and strontium) are acidotic because 
the basic ion is not absorbed from the intestine but is excreted in the 
feces with phosphate, carbonate, or other acids, leaving the mineral 
acid to displace base from BHC 0 3 

It has long been known that the unne may become more alkaline 
than normal an hour or so after a meal Although other factors contrib¬ 
ute, this phenomenon represents in considerable measure a tide of alka 
linity m the blood resulting from the secretion of gastric HCI M The for 
mation of HCI from BC 1 leaves an excess of base in the plasma, which 
combines with the CO2 of concurrent metabolism Thus the plasma 
BC03 - is slightly elevated, marked elevation being prevented by the 
excretion of alkaline pancreatic and intestinal fluids Subsequently the 
HCI is reabsorbed from the intestine, the plasma HC 0 3 — and CO re 
turn to normal and the urine becomes more and Where gastric secre 
tion of HCI is reduced or absent (in achlorhydria or after a fat or car 
bohjdrate meal, etc) the alkaline tide is diminished or fails to appear 

The sulphuric, phosphoric, and organic acids (lactic, 0 h) droxy- 
but>nc, etc) of metabolism are produced de ?iovo in the tissues 
and, entering the blood, appropriate base from the blood buffers, 
including BHC 0 3 , to form neutral salts in the plasma, the lib¬ 
erated CO2 being excreted by the lungs The tendencj, then, is for 
the metabolic fixed acids, normall} formed at a rate of some 50 
mEq/daj, and in acidosis at rates up to 500 mEq/day, to deplete 
the available base in the bod> (totaling 1000 mEq ) with what 
would be considerable rapidity were it not for the protection of 
fered by the kidne) Because of its limited capacity to excrete free 

‘The rate of excretion of alkali after atrate admin stration resembles that 
after bicarbonate administration. 1 "* 
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acid, at a pH of 4 8, the kidney must restore the base to the body 
to reform the displaced bicarbonate, and excrete the unwanted 
anions either as free (titratable) acid or in combination with am¬ 
monia 

In regulating the H + and HC03~ ion concentrations of the 
plasma, the kidney excretes urine which is at one time acid, at an 
other alkaline, according to requirements The extreme variation 
m the H + ion concentration of the urine is represented by pH 4 8 
and 8 2,* with a normal value of about pH 6 o, a very narrow 
range of acidity so far as offering leeway for the excretion of sub 
stantial concentrations of strong acids or bases At pH 4 8, all 
sulphate and chloride are present as B2SO4 and BCI, and go per 
cent of lactate as the salt, consequently, at the maximal acidity 
of the urine, these acids carry out of the body practically the same 
quantity of base as would be the case if the urine had a pH of 7 o 
The two notable instances in which the excretion of free acid is 
physiologically significant are phosphoric and /3 hydroxybutync 
acid In plasma at pH 7 4, phosphate exists as a mixture of 4 parts 
of B 2 HP 0 4 to 1 part of BH 2 P 0 4 At pH 4 8, practically all of the 
phosphate exists as BH2PO4, consequently a shift in pH from 7 4 
to 4 8 saves o 8 equivalents of base per mol of phosphate excreted 
At pH 4 8, about 45 per cent of 0 hydroxybutync acid (pK' - 
47) is present as free acid, and consequently o 45 mol of base is 
saved per mol butyrate to be excreted 
The maintenance of plasma BHC 0 3 in the face of invasion by 
fixed acids is achieved in two ways 

1 By converting the slightly alkaline (pH 7 4) glomerular 
filtrate into acid urine (pH 4 8), thus permitting weak buffer acids 
to be excreted as such, m so far as their pK' permits (The ex 
cretion of H + ion as HC 1 is too small to be significant at pH 48) 

• Pitts et al * ,ST report urine as acid as pH 4 44 m man 
The inability of the kidnej to elaborate a more acid or alkaline urine is in 
sharp contrast to other glands, the gastric and intestinal mucosa, for example, 
may secrete HCI and NaHCOj solutions almost equivalent in concentration to 
the total base of the plasma, and strong H1SO4 solutions are secreted by the 
salivary glands of some invertebrates 

The largest quantity of total free acid excreted per day at normal loads of 
urinary buffer amounts to 125 to 150 mEq , whereas the free and combined 
acid-demanding excretion may amount to four times this quantity 
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2, By forming NH 3 from amide and amino acid precursors. 
This synthetic cation serves as a substitute for inorganic base 3 n 
the neutralization of H 2 S 0 4 , BH 2 P 0 4 , etc., permitting the further 
conservation of B + and accounting for the excretion of 20 to 50 
mEq. of acid per day, though this figure may reach 500. 

The relative importance of these processes in ammonium chlo¬ 
ride acidosis is illustrated later in this chapter (fig. 72). 

ACIDIFICATION OF THE URINE 

The acidification of the urine is accomplished as follows: the glo¬ 
merular filtrate contains approximately the same concentration 
of BHCO3 per kg. of water as the plasma, the sole deviation being 
that due to the Donnan equilibrium; part of this BHCO a is nor¬ 
mally reabsorbed as such in the proximal tubule, the remainder 
being passed to the distal tubule where the urine is acidified. Here 
H + ions are added by the tubule cells to the tubular urine, with 
two consequences: (a) the urinary buffers are converted in part 
(in inverse proportion to pK') to free acids; and (b) the B + ions 
thus liberated are made available for reabsorption by the tubule 
cells: 

(1) i H + + BHC0 3 — H 2 C0 3 -> C0 2 + B+T 

(2) i H + + B 2 HP0 4 — BH 2 P0 4 + B + T 

(3) J H + -f- B factate —» lactic acid -f- B + f 

(4) IH+ + BA - HA + B+T 

The C0 2 formed from BHC0 3 is reabsorbed as such by passive dif¬ 
fusion into the tubule cells and is there available to combine with 
reabsorbed B + to form BHCO3, which is then returned to the 
plasma, the final acidified urine having a C0 2 tension equal to that 
of the renal venous blood. B + liberated from acids other than C0 2 
is also reabsorbed with Cl“ to form plasma BC1. 

It is to be noted that the two major buffers present in the plasma 
and the glomerular filtrate, BHC0 3 and B 2 HP0 4 , are themselves 
subject to elective reabsorption by the tubules. The acidification 
of the urine therefore presents the circumstance that two or more 
buffer systems, the acid-base equilibria of which are interde- 
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pendent because they are contained in the same solution, require 
more or less independent excretion 


THE ISOHYDRIC PRINCIPLE APPLIED TO PLASMA AND URINE 


In accordance with what the physical chemist calls the isohydric pnn 
ciple, all buffers m a common solution are in equilibrium with the same 
H + concentration, and therefore the acid/salt ratio of any one buffer 
determines this ratio for all other buffers, the respective ratios being in 
inverse proportion to the dissociation constants of the respective acids 


(5) 


(H+) 


( HA i), 

1 ——— Kt 

(AD 


(HA,) (HA,) |; 

(A,”) 2 (A,-) 3 


This equation applies independently to plasma and urine since (H + ) in 
these two fluids is independent 

The important normal buffers common to plasma and urine are 
H 2 CO 3 —BHCO 3 and BH 2 PO 4 —B 2 HPO 4 (the full list would of course 
include (3 hydroxybutync acid, acetoacetic acid, certain ammo acids, 
creatinine, etc) and any change in the ratio (HA)/(A“) for one of these 
buffers must be accompanied by a simultaneous change in the ratio for 
all others Since all buffer ratios are dependent on (H + ), the acidiflca 
tion of the urine could theoretically be effected by a tubular operation 
on any one of the molecular species involved (1 e on H 2 C0 3 , H 2 P0 4 - , 
HCO 3 "), or on any two of them, or upon the H + ion alone If for ex 
ample H 2 C0 3 and HC0 3 - were reabsorbed (singly or independently of 
each other, as might be the case) the ratio (H 2 P 0 4 '")/(HP 04 ’ = ) would 
be set by the resulting value of (H*), in accordance with the ratio 
(H 2 C 0 3 )/(HC 03 _ ), or, if the urine were acidified by the addition of 
(H + ) to a specified concentration, then both (H 2 C0 3 )/(HC0 3 - ) and 
(H 2 P0 4 “)/ (HPO4”) would be set by this operation 

The excretion of HC0 3 “ in the urine in either acidosis or alkalosis, 
and indeed the distribution of this ion between the plasma and any body 
fluid, presents a unique situation In general, C0 2 penetrates tissues so 
rapidly (10 times as rapidly as 0 2 ) that the C0 2 tension of two fluids 
separated by only a thin membrane (as is the case with the tubular 
urine and plasma) tend rapidly to reach the same value by diffusion * 

* A clear distinction must be drawn here between HjCOj and CO2 The phjs- 
ical properties of CO* are such as to endow it with great penetrating power, 
whereas in the light of our knowledge of the permeab lity of liv ng cells to al 
phattc acids, it would be inferred that HjCOj would penetrate very slowly, 
even more slowly than lactic or glycollic acid In aqueous solutions at equil b- 
num 999 per cent of the total CO2 is present as dissolved CO2 and not as 
HjCOj and this is probably true of plasma and of tubular urine 
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Apart from accidental factors which might retard the attainment of 
equilibrium, we may take the C 0 2 tension of the plasma and urine * 
to be identical 

(6) (C 0 2 ) n /(C 0 2 ) p = 1 o 
Assuming that the equation 

(7) H.C 0 3 ^ C 0 2 -f h 2 o 
proceeds to equilibrium, we ma> write 

(CO.) 

(8) _ 1 

(H + )(HC 0 3 -) 

for both plasma and unne, where (CO.) = the total unromzed HjCQj 
plus free C 0 2 

Since k is a constant, the equilibrium concentration of any one of the 
three species involved is determined by the concentration of the other 
two species This 1$ true, with due consideration of thermodynamic ac 
tivities, for both plasma and unne, and wholly apart from whether one 
or more of these species is transferred actively or passivel) from unne 
to blood, or vice versa It follows that, if the U/P ratios of two of these 
species are given, for example (C0.) U /(C02) P and (H + ) U /(H + ) P , then 
the ratio of the third, (HCQa^u/fHCCVj-Jp, «s therebj fixed 

It follows from equations 6 and 8 that, in acidifying the unne, 
the tubules can operate on H + or HC 0 3 ~ ions m the tubular unne, 
but not independently on both If the tubules operate on any one of 
these species, then the ratio (H 2 P04~') n /(HPO < “) u in the tubular unne 
is automatically set in consequence of equation 6 In view of the state 
ment, to be supported shortl) by evidence, that the tubules operate on 
H + 10ns, it follows that both the absolute value of (HCQj - )„ and the 
ratio (H 2 PO4 — ) u /(HPO< u (and of all other buffers) are fixed by the 
final value of (H + )„ 

THE TUBULAR EXCRETION OF H + IN EXCHANGE FOR B + IONS 

Pitts and his coworkers iat Jwa point out that three theories as to 
the nature of this process have been proposed We restate these 
theories with the additional qualifications imposed by the iso- 
hjdric principle and the premise that (C 0 2 )„/(C 0 .) p =10 

* That COj is not actively reabsorbed b> the renal tubules is indicated, as 
Sendroy et a l point out, by the fact that the CO. tension of the unne is never 
less than that of the artenal blood 
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I The -phosphate reabsorption theory A filtrate containing 
HPO4" and H 2 PC>4“ in the ratio in which the) exist in the plasma 
(4 1) is formed at the glomerulus The H 2 P04~ is excreted, while 
variable amounts of HP 0 4 “ are reabsorbed by the renal tubules 
and, reacting with plasma H2CO3, reconstitute plasma HC 0 3 “ 
and H 2 P04~ 1547 Here, tubular reabsorption determines the final 
(H 2 P0 4 -) u /(HP 04“)„ ratio, and, through the isohydric prin¬ 
ciple, this ratio determines the (HC 0 3 - ) u /(C 0 3 = ) u ratio, so that 
if (C 0 2 )„/(C 0 2 ) p = 10, the absolute amount of HC 0 3 ~ in the 
urine is fixed 

i The H2CO3 filtration theory The glomerular filtrate contains 
HC 0 3 ~ and H 2 C 0 3 in the ratio of 20 1 This theory treats the 
renal tubules as impermeable to H 2 C 0 3 and to C 0 2 , and presup¬ 
poses that they actively reabsorb HC 0 3 ~, the unreabsorbed 
H 2 C 0 3 and the amount of HC 0 3 “ left in the urine determine 
(H + ) u lMi Here the ratio (H 2 P0 4 ~) u /(HP04 = )u is automatically 
set by (H + )„, but the absolute amount of phosphate in the urine 
depends on the reabsorption of H 2 P04~ and/or HP 0 4 ” 

3 The ionic exchange theory Here it is supposed that the tubule 
cells reabsorb B + 10ns and replace them by H + 10ns by an ion ex 
change mechanism which operates independent^ of the associated 
anions in the urine, as acidification progresses, HC 0 3 “ is con 
verted into H 2 C 0 3 and hence into C 0 2 , which largely escapes by 
diffusion across the tubules bach into the blood * 1828 The ratios 
(H 2 C 0 3 )u/(HC 0 3 - ) u and (H 2 P04 - ) U /(HP04“)„ are set by 
(H + ) u , the absolute amount of phosphate is determined by elec 
tive tubular reabsorption of one or both phosphate 10ns, but if 

* W \V Smith 1,14 has examined the mechanism of acidification in the urine 
m the dogfish, SguaJiis acanih ms In tins Mmai, as m the marine fishes generally, 
the pH of the urine is relativelj constant (5 7) and uninfluenced b> the injection 
oflarge quantities of PO4 (pH 7 4 to 7 7) or NaHCO, This fixed acidity appears 
to be an adaptation to the invariable presence in the urine of large quantities 
of Mg (absorbed b> the intestinal tract from ingested sea water), which precipi 
tates as Mg(OH)i or MgNHfPOj 3H2O if the urine is alkalmtzed be>ond pH 
6 o Both endogenous and exogenous PO4 are excreted by the dogfish tubules 
and the urine invariably has a high PO4 content From observations based on 
the plasma and urine pH and PO4 excretion after the administration of PO4 
or NaHCOj, Smith concluded that the most probable mechanism of acidifica 
tion is the substitution of H* for B + ions, after and independently of the tubu 
lar excretion of PO4 
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(C 02 )u/(C 0 2 ) P =10, the U/P ratio of HCC>3 — and the absolute 
amount of HC03~ excreted in the urine are fixed by the inde¬ 
pendently regulated terms, (CO->) p and (H + ) n 

Any one of these theories is plausible,* but in the first two the 
maximal quantity of titratable acid which can be excreted is 
limited by the quantity of H 2 P 0 4 - or H2CO3, respectively, con 
tamed in the glomerular filtrate In the third theory, the limit of 
acid excretion would be determined by the quantity of H + ions 
which the tubules could add to the tubular urine Although the 
maximal H + ion concentration of the urine is limited to about pH 
4 8, the quantity of H + 10ns added to the urine (1 e the maximal 
quantity of titratable acid) will be conditioned by the presence in 
the tubular urine of one or more suitable substrate buffers with 
which the added H + ions can react, as in equations 1 to 4 
Given adequate substrate buffer, the maximal quantity of ti 
tratable acid would presumably be limited only by the maximal 
rate of H + ion exchange 

Pitts and Alexander 16,6 have determined the maximal rate of 
titratable acid excretion during acidosis in the dog, when the urine 
is enriched with substrate buffer in the form of phosphate or 
creatinine They find that this rate is so great that it can be ex 
plained only by the third theory, 1 e the tubular exchange of H + 
10ns for B + ions 

During moderate acidosis, the dog, if supplied with adequate 
neutral phosphate (pK' = 6 8) as a substrate buffer, can excrete 

♦Montgomery and Pierce 11 ** ha\e shown that 033M sodium phosphate 
solution of pH 7 5 contain ng phenol red, when retained within the distal 
tubule of the frog becomes yellow (pH 6 8) in fo seconds Interaction of HjCOj 
from the glomerular filtrate and the specific reabsorption of HCOj as well as 
of COj“ are here experimentally excluded from cons deration Acidification of 
this buffer mixture to pH 6 £ might be effected by Teabsorbing i£ / * out of 1*1 
mEq (or about 8o per cent) of the HPO*", or b' substituting H + ions for B + 
in I ”6 out of "**7 mEq (or 56 per cent) The distal tubule can apparently reab¬ 
sorb this quantity of base from the tubular unne m less than 60 seconds and 
therefore neither mechanism is beyond the range of possib hty But since phos- 
phase is very si gh tly reabsorbed by the frog tubule when the concentration in 
the plasma, and hence in the glomerular filtrate, is elevated by only a few 
mEq, such extensive reabsorption from o 33 M solution appears unlikely 
Therefore the only plausible explanation of the acidification of the urine in the 
frog is the exchange of H + 10ns for B + ions 
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from o 198 to o 431 mEq of titratable acid * per min , equivalent 
to 285 to 620 mEq/day, this titratable acid being represented in 
the urine by H2PO4 - As calculated from the rate of filtration, 
only 17 to 24 per cent of this acid could be accounted for by the 
H 2 C 0 3 filtration theory, and only 7 to 11 per cent by the phos¬ 
phate reabsorption theory The sum of the two glomerular acids 
could account for only 24 to 37 per cent of the total acid excreted 
Therefore another mechanism must be involved Since no signifi¬ 
cant quantity of anion other than substrate buffer (PO4) is present 
in the urine under conditions of the experiments, the tubular ex¬ 
cretion of a third acid can be excluded and only an ion exchange 
mechanism is left to account for the acidification process 

Menaker 1435 has pointed out that the reabsorption of B 2 C 0 3 or BOH 
from a neutral urine would lead to acidification through the shift in 
equilibrium between the C 0 3 ” and HC 0 3 ~ 10ns, and notes that it is 1m 
possible on the present evidence to choose between this mechanism and 
the H + ion exchange mechanism postulated above However, as Pitts 1834 
noted in advance of this criticism, the most efficient anion reabsorptive 
mechanism known, that for HC 0 3 - , is capable of 99 99+ per cent re 
moval to a final concentration of io~ 7 M The accomplishment of acidt 
fication to pH 4 5 by the reabsorption of COs” or OH - would require 
that the efficiency of the reabsorptive mechanism be nearly 1000 times 
that of the HC 0 3 — reabsorbing mechanism In view of the rapidity, 
in the experiments of Montgomery and Pierce, 14 ” with which pure 
o 33 M phosphate solution is acidified in the distal tubule of the frog 
where no C 0 3 “ ion is available, and in view of the data from compara¬ 
tive physiology on the permanently acid or alkaline state of certain 
body fluids, 1918 - 1918 the writer, even though holding the issue sub judice y 
is inclined to favor the H + ion exchange mechanism 

Pitts and Alexander chose creatinine (pK' = 4 97) as an alter¬ 
native substrate buffer to phosphate When the plasma creatinine 
was elevated to some 200 mg per cent, the quantity of titratable 
acid in the urine again reached values (o 099 to o 146 mEq/min ) 
far m excess of the quantity of H 2 PC>4~ or H 2 C 0 3 contained in the 
glomerular filtrate, and an ion exchange mechanism is the only one 
that can quantitatively account for the facts The ultimate source 

* Titrated from the pH of the urine (5 89 to 6 43) either to that of the arterial 
blood or arbitrarily to pH 7 35 
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of the H + ions must be H 2 C 0 3 within the tubule cells, since no 
other source of acid of sufficient magnitude (0.4 mEq/min.) is 
available to the kidney. This H2CO3 may be derived from the C 0 2 
of the peritubular blood or from that produced by the metabolism 
of the tubule cells.* 

Wherever the reaction of C 0 2 + H 2 0 —* H 2 C03 is physio¬ 
logically important, as in the red cells, one finds the enzyme car- 



Figure 64. The excretion of titratable acid at various degrees of acidosis (as 
shown by the COj combining power) at various rates of excretion of phosphate 
buffer The top line indicates the theoretical maximal excretion of acid. (Pitts 
and Lotspeich ,MI ) 


borne anhydrase. According to Davenport and Wilhelmi,* 70 the 
cortex of the kidney contains this enzyme in high concentration. 
Sulfanilamide is known to be an inhibitor of carbonic anhydrase 
tn vitro, to reduce the formation of acid in the gastric mucosa in 
vivo , and to inhibit the enzyme in the red cells. Furthermore, the 
administration of sulfanilamide clinically in therapeutic doses fre¬ 
quently produces a mild acidosis, which is characterized by an in¬ 
crease in the pH of the urine. 1 * 8 * It is reasonable, therefore, to as¬ 
sume that carbonic anhydrase plays some role in the cellular 
processes involved in the acidification of the urine. The enzyme 

* Assuming a renal blood flow m the dog of 250 cc/min. and (HjCOj) *= 1.2 
mM/liter, the available preformed CO2 would be about 0.3 mM/min. It seems 
likely, however, that some, if not all, of the H«COj used in acidification is raeta- 
bolically derived. 





HYDROGEN ION EXCHANGE 385 

is, however, present in tissues in such great excess that complete 
in vivo inhibition is not to be expected, and even when more than 
99 per cent is inhibited, the residuum can hydrate C 0 2 at 18 to 
34 per cent of the control rate 

Pitts and Alexander find that sulfanilamide does in fact inhibit 
urinary acid formation to some extent, the effect being variable 
and much more marked in some experiments than in others, but, 
as might be expected, considerable quantities of acid can still be 
excreted even though the plasma sulfanilamide concentration (20 
to 46 mg per cent) is close to the toxic level and far above that re 
quired to inhibit carbonic anhydrase in vitro It appears that the 
enzyme is not essential to the fundamental process of acidification 
but, as in other processes in the body, merely potentiates it by ac¬ 
celerating the conversion of C 0 2 to H 2 C 0 3 

Pitts and Lotspeich 1,41 have shown that, at a fixed rate of ex 
cretion of buffer, the more severe the acidosis (1 e the lower the 
plasma HC0 3 “) the greater is the excretion of acid, as the load of 
HC0 3 ~ to the distal tubules decreases in consequence of decreas 
ing plasma HCO 3 - , the HCO 3 - available to compete with phos 
phate for H + 10ns is decreased, and more H 2 P0 4 *“ is excreted (fig 
59) In principle, it would be expected that titratable acid would 
reach its maximal rate of excretion only when the HC0 3 “ entering 
the distal tubules is reduced to zero, 1 e m extreme acidosis, and, 
conversely, increasing the available substrate buffer would in 
crease the excretion of titratable acid by increasing competition 
with HC0 3 “ For this reason, the infusion of phosphate into am 
mals m which the C0 2 combining power is normal leads to an in 
crease in the excretion of titratable acid, as shown in the lower¬ 
most curve in figure 64 

At pH 4 8 the concentration of H* - 10ns is 400 times that of the 
plasma (pH 7 4), and it appears that this represents the maximal 
H + ion concentration gradient that can be established by the 
tubule cells Therefore, maximal acid excretion will occur when 
the urine contains a buffer permitting maximal H + ion addition 
with minimal change in pH Phosphate (pK/ = 6 8), creatinine 
(pK' = 4 97), 0 hydroxy butyric acid (pK' = 47), and p-amino- 
hippunc acid (pK' = 3 83) decrease in effectiveness as substrate 
buffers as the value of pK' decreases, because of diminishing buf 
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fering capacity within the possible range of urinary pH And the 
more of an> buffer the urine contains, the greater the tit ratable 
acidity for any value of (H + ) ion gradient (see fig 65 for data on 
man) 

In parallel experiments, Pitts, Lotspeich, Scheiss, and A)er IM * 
have shown that the acidification of the urine in man follows the 



Ficure $$ Comparison of the effectiveness of several unnary buffers m enhane 
ing the excretion of titratable acid in man in acidos s All data on 1 subject 
(Schiess, Ayer, Lotspeich, and Pitts 171 ) 


same pattern as in the dog During acidosis induced by the in 
gestion of ammonium chloride, the excretion of titratable acid far 
exceeds that which enters the urine in the glomerular filtrate as 
H2CO3 or BH2PO4, and, as in the dog, acid must be added to the 
urine by an ion exchange mechanism, the tubular excretion of 
preformed acid being excluded by the absence of any residue of 
such acid in the urine 

In these experiments on themselves, Pitts and his coworhersob 
tamed urine much more acid (pH 4 48 and 4 60) than was observed 
in the dog, and representing a H + concentration gradient between 
blood and urine of some 800 to 1 Because the minimal pH is 
lower in man than in the dog, at equivalent rates of buffer ex 
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cretion man excretes more titratable acid than does the dog. In 
one period, one subject excreted acid at a rate of 0.333 mEq/rnm. 
(480 mEq/day)—some 3 to 4 times the highest rate ever recorded 
in diabetic ketosis. This was accomplished only because the plasma 
phosphate had been elevated to 6.52 mM/Iiter, thus greatly in¬ 
creasing the substrate buffer available to the tubules. Had the 
available buffer been further increased, as in the dog experiments, 
the rate of add excretion, would presumably have Increased pro- 



Ficure 66 The excretion of titratable acid normally and in acidosis in the same 
subject at a senes of comparable excretion rates of creatinine. (Schiess, Ayer, 
Lotspeich, and Pitts im ) 


portionally. Schiess, Ayer, Lotspeich, and Pitts 1781 have shown 
that in man, as m the dog, the pK of the buffer is a critical de¬ 
terminant in acid excretion, phosphate, creatinine, and PAH 
diminishing in effectiveness as buffers in the order named (fig. 65). 
For any one buffer, the greater the degree of acidosis, the greater 
is the conversion of that buffer from the salt to acid form, and 
hence the greater is the quantity of turntable acid excreted (fig. 
66 ). 

EXCRETION OF BICARBONATE 

In the normal individual, the concentration of BHCO 3 in the 
extracellular fluid is maintained within the limits of 24 to 28 
mEq/liter, despite wide variations in the intake of acid- and base¬ 
forming foodstuffs. As with the sodium concentration of the extra¬ 
cellular fluid, the kidney has the sole responsibility for this regula¬ 
tion. 
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It has been seen that, during metabolic acidosis, when the in 
dividual is faced with a continuous loss of available base m com 
bination with fixed acids, the kidnejs conserve base b} excreting 
a mild!) acid urine with maximal ntratable acidity effected 
through the normal substrate buffer, phosphate, the bicarbonate 
of the glomerular filtrate being practical!) complete!* reabsorbed 
On the other hand, when an alkaline diet is ingested or during 
metabolic alkalosis, supplies of available base exceed the needs of 
the bod> and the excess base is excreted as BHCO s , hading to the 
formation of an alkaline urine The unne base in alkalosis always 
takes the form of BHC0 3 , whether initially acquired as BHCO 3 , 
BOH, or b) the oxidation of the inorganic salts of organic acids 
The tubular reabsorption of HCO 3 is therefore a physiological 
process which must be examined in its own right 

The quantitative importance of the problem is evndent from the 
fact that approximate!) 190 liters of plasma, containing on the 
average 25 mM of HC 0 3 - per liter and making a total of 4750 
mM ofHC 0 3 “ (or 400gm of NaHCOj) are filtered per da> This 
is roughl} 5 times the total available base of the bod} Normally a 
little over 2 mM are excreted, 99 95 per cent of the filtered HC 0 3 “ 
being reabsorbed But, after the ingestion of NaHC 0 2 in large 
amounts, excretion maj increase to 1000 mM/daj or more. The 
unne concentration ma> nse to 220 mM/Iiter, but since the unne 
CO* tension is never below and, under these conditions, is gen 
erall) above that of the blood, the unne is never more alkaline 
than pH 8 o Thus large quantities of base can be excreted in 
combination with the chief metabolic acid, C 0 2 , of which a larce 
excess is alwa>s available, m a unne which is only slightly alkaline 

The \ anable excretion of HC 0 3 - in defending the body against 
alkalosis is therefore complementary to the acidification of the 
unne in defending the body against acidosis Howev er, it is pos¬ 
sible to speak of two separate processes, the ‘acidification of the 
unne’ and the ‘reabsorption of bicarbonate,’ onl) in a qualified 
sense the evidence indicates that reabsorption of HC 0 3 ~ occurs 
in two stages, some four fifths of the filtered HCO 3 ” being re 
absorbed in the proximal tubule isohv dncally, 1 e without change 
in the H + ion concentration of the tubular unne, and one fifth in 
the distal tubule atusoh>dncalI} The proximal reabsorption of 
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HC 0 3 ~ is independent of the acidification process, and may be 
considered as one which proceeds independently of acid base bal 
ance In the distal tubule, however, HC 0 3 ~ reabsorption and 
urine acidification are simultaneous and interdependent, it may 
be that they represent two consequences of a single process, the ex 
change of H + for B + 

MAXIMAL TUBULAR REABSORPTIVE CAPACITY 

Pitts and his coworhers 1837 ,M0 have examined the reabsorption of 
HCO3 - in the dog and man by varying the plasma HC 0 3 “ concen 
tration Concentrations of HC 0 3 “ below normal (c 25 mEq/liter) 
were attained by acidosis induced by the oral administration of 
NH4CI, while plasma levels above normal were attained by the 
intravenous infusion of NaHC 0 3 

Figure 67 shows the general relationship between (HC 0 3 “) P 
and the quantity of HC 0 3 ~ filtered, excreted, and reabsorbed in 
the dog This figure is based upon 18 experiments in 4 dogs studied 
by Pitts and Lotspeich, 1840 in which the filtration rate in various 
experiments ranged from 46 to 101 cc The data are expressed in 
mEq of HC 0 3 - per 100 cc of glomerular filtrate, first, for ease of 
comparison of various animals, and, second, because there is ap 
parently a physiological relation between HC 0 3 _ reabsorption 
and filtration rate As (HC 0 3 “) p increases, the quantity filtered 
increases in direct proportion, essentiall) all the filtered HC 0 3 ~ 
is reabsorbed until the load exceeds 2 5 mEq/100 cc of filtrate, 
when frank, excretion of HC 0 3 — begins The quantity reabsorbed 
remains constant at this value despite further increases m 
(HC 0 3 ~) p , the excess being excreted Thus there is grossly a 
maximal reabsorptive capacity for HCOj~ which is reached at a 
filtered load of c 2 5 mM/100 cc of glomerular filtrate per min , 

1 e the critical value of (HC 0 3 “) p required to cause frank HCC^" 
excretion is about 25 mEq/liter (though different animals showed 
some variability in this figure) * The corresponding figure in three 

*This value is influenced in the dog to a slight extent by water diuress 
which tends to increase the HCOj“ excretion, and by the concentration of 
total body electrolytes and their specific pattern depletion of Cl - tends to con 
serve HCOj - and substitution of k + for Na + may alter the critical value of 
(HCOj“)p at which excretion begins 
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men studied by Pitts, Ayer, and Schiess ,S,T is 28 mEq/Iiter (fig 

68 ) 

It is to be noted that uniformity in reabsorption of BHC 0 3 m 
the same animals or in different animals with widel) varying 



plasma bhco, concentration mEo/uter 
Figure 67 The excretion of bicarbonate m the dog as a function of plasma con 
centration Note that the quantities reabsorbed and excreted are expressed m 
mEq/100 cc of glomerular filtrate (Pitts and Lotspeich 1M °) 

filtration rates is achieved only when the amount reabsorbed is 
expressed per 100 cc of filtrate This implies that (proximal) tu¬ 
bular reabsorptive capacity is functionally related to the filtration 
rate,* as is the case with sodium chloride 

* The comparison of data on any aspect of renal function m different animals 
per cc. of filtrate obviously tends to eliminate differences attributable to renal 
size Thus, there normaU> exists a close correlation between the filtration rate 
and glucose Tm on the one hand or diodrast Tm on the other, not only between 
different lndmduals but in individual nephrons, 1 m a correlation which has its 
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In the frog, Necturus , and rat, ultimate acidification of the urine 
occurs in the distal tubule (ch n) That some reabsorption of 
HC 0 3 “ occurs in the proximal tubule is plausible in view of the 
proximal reabsorption of sodium chloride and water Since the pH 
of the urine at the end of the proximal tubule is practically iden 
tical with that of the glomerular filtrate, proximal reabsorption 
must be an essentially isohydnc process When the bladder urine 



Ficure 68 Reabsorption and excretion of bicarbonate m man m relation to 
plasma bicarbonate concentration (Pitts, A>er, and Schiess ,H ’) 


is acid (1 e m acidosis), the remainder of the HC 0 3 - must be re 
absorbed (or removed by acidification) distally, the process co¬ 
inciding with the process of acidification 
Pitts and Lotspeich infer that proximal reabsorption accounts 
for roughly four-fifths, and distal reabsorption one fifth of total 
reabsorption This division is based upon the evidence previous!) 

genesis m morphological balance Comparisons per unit of filtrate are valid for 
establishing afunctional relationship onl> where it can be shown that the s ana 
ble under cons deration increases or decreases with the filtration rate in indi 
vidua! animals Pitts and Lotspeich s data seem to establish this as the case of 
the maximal reabsorpme capacity for HCOj - In this respect, the reabsorption 
of RCOj~ differs from that of glucose, vitamin C, phosphate, and sulphate, 
which is independent of the filtration rate. 
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cited that such is roughly the division of sodium and water re 
absorption 

Two lines of experimental evidence in the dog support this view 
Sulfanilamide reduced the capacit\ of the kidney to reabsorb 
HCO a - at both normal and increased HCO3” loads However, the 
depression of reabsorption was small m either circumstance, in¬ 
dicating that the greater fraction of the reabsorptive process in¬ 
volved a non sulfanilamide sensitive mechanism Since, as stated 
above, sulfanilamide also depressed the distal acidification mecha 
nism, Pitts and Lotspeich infer that the depression of HCCV 
reabsorption effected by sulfanilamide represents distal reabsorp¬ 
tion, and the sulfanilamide insensitive process is therefore at¬ 
tributed by inference to the proximal tubule 

Secondly, when HCC>3~ is administered to an acidotic dog en 
nched with phosphate as a substrate buffer, the titratable aciditj 
of the unne decreases as the quantity of filtered HC 0 3 - increases, 
e\en though all the filtered HC 0 3 “ is reabsorbed This can be ex 
plained by the supposition that some of the HC 0 3 “ reaches the 
distal tubule, and there competes with phosphate for H + and 
diminishes the extent to which HPO<“ is converted to HaPO^", 
thereby reducing the titratable acidity Consequently, Pitts and 
Lotspeich conclude that the final reabsorption of HC 0 3 " is ac 
comphshed by the same mechanism which, by the H + exchange 
acidifies the urine This process is independent of the filtration rate 
but, being small in magnitude (one-fifth of total reabsorption), it 
has little effect upon the picture presented by total reabsorption 

It is proximal reabsorption which is functionally related to the 
filtration rate In order to explain this functional relationship, 
Pitts and Lotspeich conceived that the proximal reabsorption of 
HCO3 - and of water could be treated as simultaneous and related 
processes, so that one could speak of a maximal concentration of 
HC 0 3 - in the ‘proximal reabsorbate ’ They posited that this 
maximal concentration is 25 mEq/liter (the normal concentration 
of HCO3" m dog plasma) If this ‘proximal reabsorbate' always 
represents four fifths of the water of the glomerular filtrate, and 
if the concentration of HCC>3~ in this reabsorbate is limited to a 
value of not more than 25 mEq/hter, then the quantity of HC03~ 
so reabsorbed will of course vary roughly in proportion to the 
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filtration rate (fig 69) But why the concentration of HC 0 3 ~ m 
the proximal reabsorbate should be limited to 25 mEq/hter is not 
stated, and the postulate can be shown to be untenable * by the 
fact that, during osmotic diuresis induced by mannitol or urea, 
some 65 per cent of the water of the glomerular filtrate may be 
carried into the urine without significantly decreasing HC 0 3 “ re- 



Figure 69 Reabsorption of bicarbonate in the dog as a function of the filtra 
tion rate All observations were made at plasma bicarbonate concentrations 
well above the renal threshold The filtration rate in each animal was varied by 
fasting and by feeding meat (Pitts and Lotspeich ,t4 °) 


absorption 1,88 * m HC 0 3 ~ reabsorption continues whether water 
is reabsorbed or not (see fig 55) 

Pitts et ai im note that HC 0 3 “ appears to be reabsorbed in the 
proximal tubule ahead of or more rapidly than chloride (p 31), 

* If one accepts greater quantitative latitude in the distal acidification proc¬ 
ess, the failure to induce HC0 3 ~ excretion during osmotic diures s could be 
attributed to this distal process Pitts h>pothesis here meets a dilemma in 
explaining this fact, one may accept either the proximal limitation on concen 
tration m the reabsorbate, or the distal limitation on H+ ion exchange, but not 
both The proximal limitation on concentration in the reabsorbate encounters 
the additional difficulty that, if (COj)„ = (COj)p, the isohjdnc principle must 
break down during elevation of plasma bicarbonate concentration, or no such 
limitation can appl) The most satisfactory solution is to reject the limitation 
tn concentration in the proximal real sort ate which at this time seems artificial 
since no simultaneous HCOj“ plus water reabsorbate can be visualized 
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so that the concentration ofHCOa” falls below, and that of CI“re 
mains above its respective level m the glomerular filtrate If the 
reabsorption of both anions were passive!) related to the absorp¬ 
tion of sodium, one would expect Cl“ to be reabsorbed more rap¬ 
idly than HC03 - This evidence for the preferential reabsorption 
of HCO3 - in the proximal tubule (if it is evidence to that effect) 
therefore suggests active transport of HC 0 3 — (or H + ) * 

Whatever the nature of the limitation in proximal reabsorption, 
the theory, as stated by Pitts and Lotspeich, demands that up to 
2 o mM of HC03~ be reabsorbed proximally from each 100 cc 
of filtrate (So cc of fluid containing 25 mE q/liter), at a normal 
plasma concentration of 25 mEq/hter, 2 5 mEq/100 cc of filtrate 
are filtered per min , leaving o 5 mg/100 cc of filtrate to be re¬ 
absorbed distally Assuming that the distal tubule can reabsorb 
this amount and no more, then all HC 0 3 ~" will be reabsorbed until 
the concentration in the filtrate exceeds 25 mEq/100 cc , any 
HC 0 3 " filtered above this concentration escapes reabsorption in 
both the proximal and distal tubule and is excreted in the urine 
Since proximal reabsorption is 4 times as great as distal reabsorp- 
tion, total reabsorption will vary in rough proportion to the filtra¬ 
tion rate, no matter what the characteristics of distal reabsorption 
may be And, since the total quantity reabsorbed per 100 cc of 
filtrate is constant, the critical value of (HC 0 3 - ) p at which ex¬ 
cretion begins wjJJ be independent of the filtration rate This last 
circumstance will operate to maintain (HC 0 3 ~) p at a constant 
value, despite marked changes m filtration rate 

The distal reabsorptive mechanism apparently differs from the 
proximal mechanism in three ways (1) distal reabsorption of 
HC 0 3 “ is nearly, although not completely, independent of water 

•This argument is plausible becaus-, in many vertebrates, the distribution 
of HCOj - between plasma and bod) fluids is conditioned by factors other than 
simple diffusion Thus, in the Chelonia, the HCQ* - content of the per cardial 
and perivisceral fluids ma> be 200 to 300 per cent greater than in the pI3sma 1 ,,1, 
while in the Elasmobranch 1 these fluids are quite acid (pH 5 30 to 6-40) wh-re 
the pH of the plasma is 7 20 to 7 57 " 1 * The distribution of CO* is not known, 
but (COj)t/(C 0 2 ) p must be nearly 1 o It seems clear that in the lower verte 
brates the serous epithelium of the pericardial and perivisceral cavities can 
condition the specific distribution of the HCO»~ (or H + ) ion b> a membrane 
effect This phenomenon may stem back to the excretory role of the primitive 
coelom 
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reabsorption, as is shown by the fact that in man the urine flow 
can vary over a wide range with only small changes in urine pH, 
and hence only small changes in HC 0 3 “ excretion 82 Since vari¬ 
ations in urine flow are effected largely through inverse variations 
in the quantity of water reabsorbed distally, it is evident that 
distal water and HCO3- reabsorption are relatively independent 
(2) Proximal reabsorption of HC 0 3 “ is probably nearly an iso- 
hydric process, if (C 0 2 )n/(C 0 2 ) p =10, the pH of the tubular 
urine should decrease by approximately o 1, whereas distal HCO3 - 
/eabsorption is amsohydnc and is effected indirectly by H + ion 
exchange, converting HC 0 3 ~ to C 0 2 , the C 0 2 diffusing bach into 
the renal venous blood until (C 0 2 ) u /(C 0 2 )p = 10 (3) Excess 
Cl“ excretion depresses HC 0 3 - reabsorption, and mce icrsa, these 
processes must therefore be in some way interdependent, and the 
site of this interdependence appears to be the proximal tubule 
since sulfanilamide, which depresses the H + ion exchange process 
and the distal reabsorption of HC 0 3 - , has no effect on Cl - re 
absorption, hence HC 0 3 ” and Cl“ reabsorption in the distal tu 
bule must be independent processes 
Pitts, Ayer, and Schiess 18,7 argue that HC 0 3 “ reabsorption and 
H + exchange involve the same mechanism in the distal tubule, 
(1) because of the excessive values of pC 0 2 in the urine during 
alkalosis, (2) because the titratable acidity decreases as (HC 0 3 ~) p 
increases between 20 and 26 mEq/liter, this decrease being evident 
before substantial HC 0 3 ~ excretion begins, and (3) because sul¬ 
fanilamide reduces both the excretion of titratable acid and the 
reabsorption of bicarbonate The first two arguments are weak¬ 
ened by the fact that we are dealing with a single medium—distal 
tubular urine—in which significant titratable acidity and signifi¬ 
cant HC 0 3 — concentration cannot occur at the same time Quan¬ 
titatively, the results could be no other than they are It is, how¬ 
ever, an attractive hypothesis, based upon the double action of 
sulfanilamide, to argue that, as the distal load of HC 0 3 *~ increases 
with increasing (HC03 _ ) P , HC 0 3 ~ reacts with H + from the H + 
exchange mechanism and decreases the titratable acidity, with 
large loads of HC 0 3 “, the H + exchange mechanism is swamped 
so that ultimately HC 0 3 “ predominates in the distal urine and 
the excess is excreted in the urine. This argument would seem to 



39 ^ ACID BASE EQUILIBRIA IN PLASMA AVD URINE 

carry weight onh if it is assumed that the rate of secretion of 
H + is limited and essentially the same m acidosis and in alkalosis 
To the maximal rate of acid excretion reached in man (0333 
mEq/min ) (and this figure is set only by the available substrate 
buffer) must be added the HCO3 - which is simultaneously neu 
tralized, so that the true maximal rate of H + ion exchange must 
considerably exceed the supposed o 5 mEq/min of HCO3 - re 
absorbed during alkalosis If the two operations represent an 
identical process of H + ion exchange, it is impossible on the data 
to limit that process by a maximal rate 
It is, however, a tempting hypothesis to accept that the distal 
reabsorpnon of HCO3 - reflects not the operation of a specific 
mechanism but merely an incidental consequence of the secretion 
of H + 10ns Against this view, however, is the fact emphasized by 
Pitts and his coworkers, and upon which the investigations abo\e 
throw no light, that alkalosis induced by hy pen entilation causes 
increased bicarbonate excretion without elevation of plasma 
HCO3 - Forced breathing, induced \oluntanly orreflexly m con 
sequence of anoxia, lowers the bicarbonate concentration of the 
blood but paradoxically leads to the formation of alkaline urine 
Obviously the activity of the renal tubules in reabsorbing HCO3 - 
must here be reduced by changes in the pH of the plasma or by 
other means It is difficult to reconcile the continuous secretion of 
H + in the distal tubule with the alkahnizadon of the urine under 
these conditions Until this phenomenon is assimilated into the 
theory, and until limitations in proximal reabsorption of HCO3" 
are further clarified, our theory of the excretion of HC 0 3 ~ is ob¬ 
viously incomplete and subject to serious revision 

RELATIONS BETWEEN BICARBONATE AND CHLORIDE EXCRETION 

It has previouslv been noted that Cl - and HC 0 3 — are, within wid- 
lunits, substituted for each other in maintaining the total base of the 
plasma Thus, in alkalosis produced by protracted vomiting, plasma 
Cl — may be low and HCO3” correspondingly high, conversely, in aa 
dosis produced by diarrhea plasma HC 0 3 — may be low and Cl” high 
Pitts and Lotspeich ,HB find that, when NaCl is infused in such ex 
cess that frank excretion of Cl - occurs, there is a simultaneous increase 
in excretion of HC03 - , owing to decreased tubular reabsorption, while 
infusion of HCO3 - in such excess that frank excretion of this anion oc 
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curs, leads to an increased excretion of Cl” owing to decreased tubular 
reabsorption, while Pitts, Ayer, and Schiess ltsi in their observations on 
man report a close reciprocal relationship during acidosis and alkalosis* 
when the HC 0 3 ~ reabsorbed increased from i 34 to 2 79 mEq/100 cc 
of glomerular filtrate, the Cl - reabsorbed decreased from 10 37 to 9 14 
mEq , the sum remaining within the range of 11 71 to 12 70 mEq 
However, when the body is depleted of sodium, an acid urine is ex¬ 
creted despite alkalosis Failure of sodium excretion somehow arrests 
excretion of both Cl - and HC 0 3 ~, and the pH of the urine falls toward 
that of a solution of free C 0 2 Sodium chloride infusions restore HCO3— 
excretion by restoring the underljing disturbances, whereas the infu¬ 
sion of HC03 - does not correct these disturbances but, on the con¬ 
trary, may lead to excessive alkalosis and tetanic convulsions 1100 
In the absence of data on the filtration rate in such circumstances, 
one can only speculate on the interpretation, but it is possible that the 
decrease in filtration rate is enough not only to prevent sodium excre¬ 
tion, but to prevent a significant quantity of HC 0 3 “ from reaching the 
distal tubule, and, in absence of HC 0 3 ~ distally, the urine approaches 
maximal aciditj Interest in the point is enhanced by the circumstance 
that in most, if not all, oligunas (shock, post transfusion reaction, crush 
syndrome, carbon tetrachloride intoxication, etc) the oliguric urine is 
reported to be acid b> routine tests 
Wolf* 258 describes the effects of administering potassium chloride, so¬ 
dium chloride, and water on the pH of the urine Water diuresis con¬ 
sistently causes the pH to shift from the range of 5 o to 5 5 to the range 
of 6 o to 7 o, and Eggleton 881 has shown that the intravenous adminis¬ 
tration of hypertonic sucrose or sodium sulphate solutions results in an 
increased aciditj but decreased excretion of titratable acid, urea being 
without this effect in her experiments 

THE C0 2 TENSION OF THE URINE 

It has frequently been observed that the C 0 2 tension of urine removed 
promptly from the bladder m such a manner as to prevent loss of C 0 2 
may be several times as great as that of \ enous blood This fact led 
Sendroy, Seelig, and Van Slyke 1M1 to suggest that the renal tubules are 
relatively impermeable to C 0 2 However, in view of the experimental 
refutation of the ‘carbonic acid theorj’ of urine acidification and the 
a prton improbability of any significant degree of impermeability, we 
may suppose that the tubular epithelium is neither more nor less per¬ 
meable to C 0 2 than are other cells 
Occasional high C 0 2 tensions in bladder urine can be explained cither 
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as a result of admixture of acid and alkaline urine in the bladder, the 
result of delajed conv ersion of H0CQ3 to COo in the tubular unne, 
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Figure 70 The relationship between the partial pressure of carbon diox-de in 
arterial plasma and in unne collected simultaneous!? The diagonal stra-sht 
line indicates equivalence of partial pressure The curve is the average of all 
points, fitted bj inspection (Pitts and Lotspeich ,M1 ) 

which is lacking in carbonic anhjdrase, or the failure of CO2 to diffuse 
out of the tubular unne because of the veloatv of flow The second ex 
planation seems the most likelj 
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Pitts and Lotspeich IM0 report that among 160 urine simples in the 
dog, with pH ranging from 496 to 796, (HC 0 3 “) u from 008 to 197 
mM/liter, urine pC02 from 11 to 109 mm Hg, and arterial plasma 
pC 0 2 from a5 to 64 mm Hg, the relationship between (HC 0 3 “) and 
pH was a uniform one and approximated that demanded by the mass 
law, assuming a constant renal venous pC 0 2 of 50 mm Hg There were, 
however, significant deviations, below pH 74 an assumed pC 0 2 of 50 
mm is too high, and above pH 7 6 it is too low In acid urines, formed 
when plasma HC 0 3 — is subnormal and the quantity of HC 0 3 ~ deliv 
ered to the distal tubule is minimal, the urine pC 0 2 is low and tends to 
approximate the arterial pC 0 2 , assuming that urine pC 0 2 = renal ve 
nous pC 0 2 , this could mean that in acidosis the renal venous pC 0 2 is 
essentially the same as arterial pC 0 2 , 1 e most of the C 0 2 produced 
metabolically by the kidney as well as by acidification of the urine is 
added to the renal venous blood not as C 0 2 but as HC 0 3 “ in associa 
tion with reabsorbed B + However, in alkaline urines formed when the 
plasma HC 0 3 “ is above normal and the quantity of HC 0 3 ~ delivered 
to the distal tubule is considerably increased, the urine pC 0 2 exceeds 
the arterial pC 0 2 by a considerable amount (fig 70), and no doubt ex¬ 
ceeds the renal venous pC 0 2 This could mean that, in the face of the 
distal conversion of large quantities of HC 0 3 “ to H0CO3 and in the 
absence of carbonic anhydrase in the tubular urine, substantial quanti 
ties of H 2 C 0 3 escape reabsorption and appear in the bladder urine 
The data on man 1437 agree wholly with those on the dog The urine 
pC 0 2 at low levels of HC 0 3 ~ reabsorption (acidosis) has a value of 30 
to 40 mm Hg (i e dose to that of the plasma from which it is formed), 
during abundant bicarbonate excretion, the value rises to as high as 
136 mm Hg when pC 0 2 in the plasma ranges from 32 to 42 mm Hg 
Ryberg, 174 ® reporting similar relations between the C 0 2 tension and 
pH of the urine, confirms the conclusion that the H + ion exchange 
mechanism converts bicarbonate to C 0 2 during the excretion of an al 
kaline urine, and that the delay in the dehydration of H 2 C 0 3 permits 
considerable quantities of this molecular species to pass into the bladder 
urine 

THE EXCRETION OF AMMONIA 

Ammonia is a relatively toxic substance if injected directly into 
the venous stream, for under these circumstances it reaches the 
central nervous system upon which it has a strong convulsive 
action Comparatively large doses may be given mtra arterially, 
however, because it is removed and bound by the tissues When 
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taken per os its toxicity is equally low because it is carried by the 
portal circulation to the liver where it is converted to urea, this 
conversion being so efficient that there is no appreciable elevation 
of the ammonia content of the systemic blood, and it is impossible 
to increase ammonia excretion directly by the oral administration 
of ammonium salts. The one circumstance evoking increased am¬ 
monia excretion is acidosis, where the ammonium ion serves as a 
synthetic cation to replace sodium in the urine. The normal in¬ 
dividual excretes 30 to 50 mEq/day of ammonia in conjunction 
with the excretion of sulphate, phosphate, and other fixed acids. 
A diabetic in severe acidosis may, however, excrete more than 10 
times this amount- 

In 1921, Nash and Benedict demonstrated that urinary NH3 is 
formed in the kidney, and these investigators and others inferred 
that it is formed from urea, but Pitts ,tJ7 showed that the differ¬ 
ence between the urea clearance and creatinine clearance in the 
dog, a difference which is fairly constant at a given urine flow 
under all normal conditions, is unchanged as between extreme 
acidosis and alkalosis; and that, if the nitrogen clearance in 
acidosis is calculated on the sum of the urea plus ammonia, it may 
exceed the filtration rate by a considerable amount, whereas the 
clearance calculated on urea alone maintains its normal value rel¬ 
ative to the filtration rate. Pitts concluded that the precursor of 
ammonia is not urea that has entered the tubular urine by way of 
the glomerulus. Conceivably, unfiltered urea might be removed 
from the postglomerular blood and be converted to ammonia by 
the tubules but it is just as reasonable a priori to suppose that the 
ammonia is formed from some other precursor. Pitts’ observations 
were confirmed by Alving and Gordon, 41 who studied the extrac¬ 
tion ratios of creatinine and urea, as well as the clearance ratios, 
in dogs with explanted kidneys. They found that the relative 
values of the extraction ratios remained unchanged as between 
the normal and the aridotic state; hence estimates of the renal 
blood flow based on the excretion rate and extraction ratio of urea 
alone gave identical results with estimations based on creatinine, 
as is the case in the normal animal, whereas such estimates based 
on the excretion rate of urea plus ammonia gave excessively high 
figures for the renal blood flow. 



THE EXCRETION OF AMMONIA 401 

Van Slyke et al , !097 extending the experiments of Alving and 
Gordon on the dogs with explanted kidneys, confirmed the con 
elusion that all the urea, as well as all adenosine and adenylic acid, 
extracted by the kidneys, is excreted as such in the urine More¬ 
over, inadequate a amino nitrogen is extracted to provide nitrogen 
for the ammonia excreted The amide nitrogen of glutamine, how 
ever, is removed from the blood in much greater amounts than 
appears in the urine, and the excess suffices to provide both the 
ammonia carried away from the kidney by the renal vein and 60 
per cent or more of that which is excreted in the urine The rest 
of the ammonia (40 per cent) can be accounted for by the disap¬ 
pearance of a amino nitrogen Administration of glutamine to a 
dog in acidosis markedly increases ammonia excretion, while the 
amount of glutamine removed from the renal blood is reduced in 
alkalosis A glutaminase present in kidney tubules catalyzes the 
degradation of glutamine to glutamic acid and ammonia * 

Lotspeich and Pitts 1176 have shown that glycine, DL-alanine, 
L-leucine, dl aspartic acid, and casein hydrolysate increase the 
rate of ammonia excretion in the acidotic dog L-arginine, L-lysine, 
and L-glutamic acid are without such effect The capacity of these 
amino acids to increase ammonia excretion correlates with their 
susceptibility to oxidative deamination in vitro by renal ammo 
acid oxidases, and indicates that such amino acid oxidases are 
concerned in the syntheses of ammonia by the tubules There is 
also a correlation between the capacity of the kidney to use an 
ammo acid for ammonia formation and the capacity of the renal 
tubules to reabsorb it, possibly because oxidative deamination is 
involved in both processes However, this correlation does not 
imply that the amino acid which is reabsorbed is that which is 
deaminized to form urinary ammonia, the quantity of ammo 
nitrogen reabsorbed always greatly exceeds that which is utilized 
in ammonia synthesis 

* Accord ng to Archibald *’ and Ham Iton *** glutamine nitrogen constitutes 
18 to 2j per cent of the total free ammo acid carboxyl n trogen of plasma Its 
concentrat on is not appreciably affected by acidosis, alkatos s, or chronic renal 
d sease The glutam nase content is reduced m chronic renal disease and Pitts 
infers that depletion of renal enzymes concerned with ammonia excretion is a 
basic factor in the incapacity of subjects with chronic glomerulonephritis to 
form adequate amounts of ammonia 
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Ammonia excretion, like the excretion of acid, is a function of 
the last two-thirds of the distal tubule (and possibly the collecting 
ducts) in the amphibian kidney, 1,15 5J ” and it is assumed that am¬ 
monia is formed in the distal system in mammals.* 

Sartorius, Roemmelt, and Pitts mi have shown that increased 
ammonia excretion is demonstrable within a few minutes after the 
establishment of acidosis, but maximal excretion is not reached 
for some hours or days. These authors conceive that the stimulus 
to increased ammonia excretion is the same as that which leads to 
acidification of the urine, namely reduction in the quantity of bi¬ 
carbonate delivered to the distal tubule, which of course issues 
from a reduction of the plasma bicarbonate concentration during 
acidosis. They speak of the distal formation of ammonia as a more 
or less continuing affair; when the urine is alkaline the ammonia 
is not captured in the urine but escapes into the blood, an inter¬ 
pretation which would account for the fact, demonstrated by Nash 
and Benedict, that the ammonia content of renal venous blood is 
greater than that of the arterial blood. But, as the urine becomes 
acid, the ratio of bound to free ammonia rises (the pK a ' of am¬ 
monia is 9.3) and this circumstance promotes its capture by neu¬ 
tralization m the tubular urine. Sartorius, Roemmelt, and Pitts ta * 
find that ammonia excretion increases regularly with decreasing 
urine pH (fig. 71), a fact which they refer to the diffusion of free 
ammonia from the site of formation in the tubule cell to that of low 
concentration in the urine, where it exists not as free ammonia but 
as ammonium ion. It is obvious, however, that some factor other 
than plasma bicarbonate concentration (and urine pH) conditions 
the final rate of ammonia excretion, for this continues to increase 
after plasma bicarbonate has reached its lowest and steady lei'el 
in acidosis, and the acidotic dog excretes more ammonia at the 
same urine pH than does the normal dog. The degree and duration 
of acidosis somehow increase ammonia production in the distal 
tubule. The nature of this adaptive factor is unknown. 

R> berg 1785 finds that in man ammonia excretion during acidosis 
reaches its maximal intensity only after some days and continues 

‘The kidney of a two-month-old infant who had exhibited signs of acidosis 
from birth showed necrosis and calcification of the distal convoluted tubules 
and collecting tubules The glomeruli and proximal tubules were normai. ,m 
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for some time after cessation of acidosis. He reports that in dogs, 
however, ammonia formation reaches its full magnitude in a few 
hours (in contradiction to Sartorius et al.). The rate of production 
appeared to reacfra maximum equivalent to 0.0022 and 0.0024 
mEq/cc. of urea clearance in two male subjects and 0.0025 an ^ 
0.0024 * n two dogs.* 

Whereas Pitts and his coworkers think of the secretion of am¬ 
monia as simple diffusion of NH 3 from the tubule cell into the 
urine, Ryberg 1787 finds a positive correlation between ammonia 
excretion in acidosis and sodium excretion, and he infers that 
NH 4 + , like H + , is secreted by exchange for Na + . A more compre¬ 
hensive examination of the variables involved is required before 
selection between these interpretations can be made. 

PHYSIOLOGICAL RESPONSES TO ACIDOSIS 

Sartorius, Roemmelt, and Pitts 1771 have followed the sequence of changes 
in the electrolyte pattern of the plasma in man during the development 
of acidosis following the ingestion of ammonium chloride (fig. 72). Im¬ 
mediately upon absorption, the ammonia of the ammonium chloride is 
converted to urea, and the liberated hydrochloric acid reacts with so¬ 
dium bicarbonate to form sodium chloride, the C 0 2 being excreted by 
the lungs. In principle, plasma bicarbonate must decrease and plasma 
chloride rise, mEq. for mEq., as this conversion proceeds, the plasma 
sodium concentration remaining unchanged. So far as the kidney is 
concerned, the relative quantities of sodium and water reabsorbed by 
the tubules remain grossly constant; the sodium in the reabsorbate 
must be matched by the sum of the chloride and bicarbonate reabsorbed, 
and, since the chloride:bicarbonate ratio in plasma, and hence in the 
glomerular filtrate, is increasing in favor of chloride as bicarbonate is 
reduced, this ratio also increases in the reabsorbate with the result that 
the plasma chloride increases as bicarbonate depletion progresses. But 
exactly the same initial change in plasma composition would have oc¬ 
curred had the kidneys been removed from the picture entirely.! 

However, the substitution of chloride for bicarbonate is attended tni- 

* The wnter has recalculated these ratios; if he understands correctly, Ry¬ 
berg IP* es mEq NHj per 34 hr. per urea clearance m ce/min. 

t The authors emphasize the increased reabsorption of chloride as a specific 
renal compensation leading to elevation of the plasma chloride, but so long as 
the sodium'water ratio in the reabsorbate remains constant, the results can 
be no other than above, the maintenance of a constant plasma sodium concen¬ 
tration and exchange of plasma chloride for bicarbonate. 
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daily by some increase in sodium and chloride excretion. The reasons 
for this are obscure. It should be emphasized that the increased excre¬ 
tion of sodium and chloride are transtent, excretion returning to control 
levels in all published experiments by the fourth or fifth day of acidosis. 
Sartorius el al. again emphasize the increased chloride excretion as 
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Fioure 72 . Renal excretion of ions in ammonium chloride acidosis (Pitts ,M ‘) 


though this were the specific effect, but it is equally plausible to believe 
that it is the reabsorption of sodium that is impeded, resulting in an in¬ 
creased excretion of both sodium and chloride. However, this sodium 
carries with it nearly equivalent quantities of water, so that progres¬ 
sive reduction of the extracellular fluid occurs, with some simultaneous 
loss of the intracellular base and excretion of potassium. This latter 
process permits the body to draw on the large intracellular reserve of 
base and to curtail the reduction of extracellular volume. 

Up to this point, the response of the kidney, with the exception of 
the transient increase in excretion of sodium, has been treated as though 
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it were onl> continuing its normal operations This, of course, is onlj 
a partial statement With the induction of acidosis the composition ot 
the unne shifts umquel) bj an increase in titratable acidity and an in 
crease in ammonia content 

Sartonus el al explicitly state that the H + exchange mechanism of 
the distal tubule is limited in capacit) (meaning mEq/mm ) and that 
the acidification mechanism is identical with the mechanism for the r* 
absorption of bicarbonate, it is implicit in their view, thoush not stated 
as such, that the H + exchange mechanism is operating all the time at 
full capacity So long as excess bicarbonate reaches the distal tubule 
the H + exchange mechanism is overloaded, and excess bicarbonate over 
and above that reabsorbed by acidification is excreted in the urine As 
the plasma bicarbonate decreases, however, the distal load of bicarbo¬ 
nate falls short of the distal H + transfer capacit}, and the urine is acidt 
fied. Titratable acid is now formed by the acidification of phosphate 
and other buffers in proportion to the quantit} of buffer present and in 
accordance with the pk' of these buffers 

Given an adequate quantit} of substrate buffer, the quantit} of ti 
tratable acid formed would increase in direct proportion to the reduc 
taon m distal bicarbonate load (or roughl} to the reduction in total 
plasma bicarbonate) were it not for the excretion of ammonia Progres¬ 
sive acidification of the urine leads to progressive capture of ammonium 
ion in the unne, so that considerable chlonde (or other strong acid) is 
now excreted paired with this ion and sodium is liberated for recombt 
nation with carbon dioxide to form bicarbonate Thus, in the face of a 
continuing acidotic Lability, increased ammonia excretion plus increased 
titratable aadit} bnng the body into a steady state where no further 
sacrifice of plasma bicarbonate occurs 

On removal of the aadotic liability, the system operates automati 
call} to restore the plasma bicarbonate concentration, each mol of free 
acid or ammonia excreted makes available a mol of base for recombma 
tion with carbon dioxide to form bicarbonate, this process continuing 
until the increase in plasma bicarbonate concentration leads to the ex 
cretion of a neutral unne, without either free acid or significant quanti 
ties of ammonia 

During recov ery, potassium and phosphate are restored to the mtra 
cellular compartment and consequent!) the plasma concentration and 
excretion of these substances are temporanl} reduced below normal So¬ 
dium reabsorption, for reasons unknown, is accelerated, and the plasma 
sodium concentration roes slightly above normal, accompanied by a 
slightly supernormal plasma bicarbonate concentration This overcom 



PHYSIOLOGICAL RESPONSES TO ACIDOSIS 4 O 7 

pensation perhaps reflects the slow regression of ammonia formation in 
the distal tubule, a process which has been activated by acidosis beyond 
its normal level 

In the sequence of recovery from acidosis of mild degree, there are 
apparently no consistent changes in renal plasma flow or filtration rate, 
the changes in urine composition being referable entirely to tubular hi 
netics In extreme acidosis, where dehydration is marked, glomerular 
activity may be seriously reduced and contribute to the picture by re 
ducing the quantity of substrate buffer delivered to the distal tubule 
and b) reducing the filtered load of sodium 

Ammonium chloride has long been used to force the excretion of so- 
dtum and water in edema, on the grounds that conversion of the am 
moma to urea liberates chloride, which requires sodium for its excretion 
This is true only in the first few da>s, before ammonia excretion has 
reached its maximal rate Thereafter, the ammonium ion excreted dis- 
tally is sufficient to meet the requirements of chloride excretion, and 
sodium excretion regresses to control levels The natriuretic effect of 
acidosis is therefore self limited To judge by the data of Sartorius, 
Roemmelt, and Pitts, ammonium chloride acidosis promotes the excre 
tion of more potassium in the first five days than of sodium This fact, 
coupled with the circumstance that the excretion of fixed base is forced 
only in proportion to the severity of the acidosis, may account for the 
waning popularity of ammonium chloride as a diuretic agent, and for 
the clinical experience that it is most effective if used for a few days 
only at intervals of a week or so 

The excretion of the thiosulphate ion is obligatory, and consequently 
the administration of ammonium thiosulphate should lead, by the con 
version of the ammonia to urea, to the obligator) excretion of sodium 
thiosulphate, or its derivative, sodium sulphate Experiments along this 
line have been earned out on dogs by Tranklm, Genest, and Newman 4,7 
When a single dose is administered intravenously, about one fourth is 
oxidized to sulphate, but, when administered as a single dose orally, 
half is oxidized to sulphate Since 1 thiosulphate ion on oxidation yields 
2 sulphate ions, the potential base removing power of thiosulphate is 
doubled by the conversion In either case, the rapid excretion of single 
doses is accompanied by a large increase in sodium excretion and a 
slight increase m potassium excretion However, with repeated doses, 
acidosis develops as usual and larger amounts of ammonia are excreted, 
reducing the excretion of sodium and defeating the use of the salt as a so¬ 
dium remoter After single doses the excretion of chloride and phosphate 
is \er> low, but with repeated doses there is a low excretion of chloride 
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and a marked increase in phosphate excretion Continuous administra¬ 
tion for 6 hr causes death with a low serum sodium and a high serum 
potassium Apparently dilution of the extracellular fluid by loss of so¬ 
dium leads to a shift of water into the muscles and a shjfr of potassium 
from the muscles into the plasma until the concentration of this ion, 
superimposed on hemodilution, reaches lethal proportions 



Part III 




CHAPTER \IV 


The Control of the Renal Circulation and 
the Action of Pharmacodynamic Agents 


HISTORICAL SKETCH 

This chapter in renal phjsiologj begins with Claude Bernard’s observa 
tion (1859) that, when the splanchnic nerves in an anesthetized animal 
are sectioned, there results an increased urine flow on the operated side 
Bernard had himself discovered the vasomotor nerves and had observed 
the vasodilator effects of sectioning the vasomotor nerves to the rabbit’s 
ear, and he attributed this diuresis to increased renal blood flow His 
conclusion is admittedly correct, but his experiment was unfortunate m 
two respects His reasoning in gauging renal blood flow by urine flow 
was, as we can now see, unsound, during periods of hypotension or ex 
treme renal ischemia there is a general parallelism between the two be 
cause cessation of filtration is accompanied by anuria or oliguria, but 
under normal conditions renal blood flow and urine flow are unrelated 
Secondly, the phenomenon of ‘denervation diuresis’ is observable only 
under the abnormal conditions of his experiment, which are such as to 
excite % asoconstnction in the kidney Important as was his demonstra 
tion of the renal vasoconstrictor nerves, Bernard’s experiment has per 
sisted m confusing renal physiology to the present day 
An extensive literature on renal blood flow, accumulated jn the period 
between 1859 and 1939, has been reviewed elsewhere l *“* and it will suf 
fice if we summarize here only the more important facts emerging from 
these earlier studies In 1883, Cohnheim and Roy devised the ‘oncom 
eter,’ a hollow shell designed to record changes m kidney volume, and 
4” 
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with it demonstrated that when the splanchnic nerves were sectioned 
in the anesthetized animal there occurred an increase in renal volume, 
conversel), the renal volume decreased on stimulation of the peripheral 
stump of the cut splanchnic nerves In the mam, they were probably 
correct in attributing the changes in hidne) volume to changes in vol 
ume of the renal vascular bed, though this is not unconditional!} true 
Bradford, a pupil of Gaskell who was an authont) on the autonomic 
nervous sjstem, used the oncometer in 1889 to examine the distnbu 
tion of vasoconstrictor nerves in the mammal He showed that in the 
dog these nerves leave the cord in all segments from T4 to 1.2, being 
most abundant in the last three thoracic segments, which in the dog 
would beTlO, Til, and T12 (For the finer distribution of vasoconstric¬ 
tor nerves m the splanchnic tracts, see Gruber m and Mitchell MM ) 

In 1893 Landergren and Tigerstedt applied the Ludwig stromuhr to 
the measurement of the renal blood flow, but the) inserted this device 
in the renal arter) and thus traumatized the renal nerves It remained 
for Burton Opitz and Lucas (1908) to modif) the Ludwig stromuhr and 
to insert it in the renal v ein so that the circulation of the kidney and its 
nerve suppl) would be impaired to a minimal extent By this more re 
liable method, Burton-Opitz and Lucas confirmed the function of the 
vasoconstrictor fibers to the kidney and added various observations on 
reflex excitation of these tracts They demonstrated further that the 
renal innervation was unilateral, and in 1916 Burton Opitz made the 
notable observation that a denervated kidney maj undergo vasoconstnc 
tion in consequence of an increased secretion of adrenalin when the con 
tralateral splanchnic nerve is stimulated 

In 1927 Rein introduced the thermostromuhr, an instrument that, 
with similar devices described b> others,* 79 represents the acme 

of mechanical ingenuity as applied to a difficult problem However, a 
physiological disadvantage is still inherent m all stromuhr methods in 
that the renal vein, the renal artery, or the aorta must be dissected free 
and enclosed within a device of some weight, there are other mrnor diffi 
culties such as the calibration of the instrument and the fact that the 
accumulation of fluid or scar tissue may impair the calibration But the 
most uncertain feature of man) thermostromuhr experiments lies in the 
technique of the investigator, for too frequently this involves acute ex 
pertinents on anesthetized and Iaparotomized animals, in many instances 
after excessive physiological insult. Investigators naively revealed that 
their preparations had to be abandoned because ‘no urine was formed 
b) the operated kidney,’ or because the renal blood flow was ‘abnor¬ 
mally low,’ or the renal vascular bed no longer responsive ’ 
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In 1936 Mason, Blalock, and Harrison 1<u introduced a venous sound 
that could be inserted in the jugular vein of a dog and passed into the 
vena cava; by two expansible balloons carried near the end, the vena 
cava could be occluded above and below the renal vein while blood 
from the renal vein itself was being collected. 

In 1931-33 H. L. Sheehan and his coworkers 553 lMI first used the ex¬ 
traction ratio of urea and phenol red in an attempt to evaluate the renal 
blood flow m anesthetized animals. In 1934 Rhoads 1702 described a 
method of explanting one or both kidneys beneath the skin in dogs so 
that the renal blood flow could be measured by means of extraction 
ratios and clearances in the conscious animal, a technique requiring 
only the simultaneous puncture of the renal artery (or a systemic vein) 
and of the renal vein in an interval during which the urine was accurately 
collected. This method has been slightly modified by Sheehan 1473 and 
Page and Corcoran, 1 * 87 and m the hands of numerous investigators it 
has yielded valuable information on extraction ratios, the renal circu¬ 
lation, and oxygen consumption. 

In 194T Cournand and Ranges 458 perfected the technique of catheteri¬ 
zation of the right heart in man for the determination of the cardiac 
output by the direct Fick method. Venous catheterization has subse¬ 
quently been extended to the collection of hepatic and renal venous 
blood in man, thus making possible the measurement of hepatic and 
renal extraction ratios, and it may be anticipated that venous catheteri¬ 
zation in the dog will to a great degree replace the explanted kidney. 

The span of 50 years from the work of Bernard to that of Burton- 
Opitz and Lucas may be set apart as a pioneer period in renal physiology. 
In the light of present-day knowledge, certain criticisms may be leveled 
against the methods used by these investigators but not against the in¬ 
vestigators for using them. Their choice of methods and the conduct 
of their experiments conformed with the knowledge of their time. It is 
to be regretted that this cannot be said of investigators in the next 
three decades, many of whom failed to keep their methods and their 
physiological approach abreast of rapidly developing knowledge. 

It was in 1895 that Oliver and Shafer demonstrated the powerful 
vasomotor properties of extracts of the adrenal medulla, properties that 
we now know are attributable to the hormone epinephrine or adrenalin. 
In 1897 Biedle demonstrated that the splanchnic fibers are secretory to 
the adrenal gland. In 1908 Schur and Wiesel showed that when ether or 
chloroform is administered in anesthetic doses there is a marked in¬ 
crease in the secretion of adrenalin. Again, in 1912, Delbet, Herren- 
schmidt, and Beauvy asserted that the adrenalin content of the adrenal 
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medulla may be completelj exhausted by chloroform anesthesia, and in 
the same jear Elliot showed that ether, chloroform, and urethane as 
well as hemorrhage itself, caused a marked increase in adrenalin secre 
tion, even to the point of glandular exhaustion Since a dener\ ated gland 
was not affected bj anesthesia, it was concluded that the increased se 
cretion of adrenalin was a result of the excitation of the sympathetic 
nervous sy stem 

The fact of this sympathetic excitation has been frequent]) affirmed 
since 19’’I Morphine, ether, chloroform, and urethane ha\e all been 
specifically convicted It has been shown (what every elemental stu 
dent of phjsiolog) demonstrates for himself) that the so-called pressor 
and depressor’ reflexes are apparentl) full) actn e in the anesthetized 
animal It has been shown that, during anesthesia, sensor) stimulation 
induces not only reflex vasomotor action but also increased secretion 
of adrenalin In ether anesthesia, at hast, the sympathetic vasodilators 
may be excited simultaneous!) with the vasoconstrictors 

‘The technique of stud) of the renal circulation that was in vogue for 
many >ears consisted of a senes of operations which might have been 
specially designed to excite autonomic nervous activit) Tirst in anes¬ 
thetic was administered, then the abdomen was incised and the viscera 
were exposed and pushed aside, blood vessels were dissected free and 
ligated and sometimes the aorta and all its lower branches, other than 
the renal arter), were tied The kidney was then forcibl) freed of its 
attachments and manipulated in order to insert a stromuhr in the renal 
arter> or vein, or the entire organ was thrust into an oncometer and put 
under some pressure Ever) surgeon recognizes that laparotomy com 
plicated by even slight visceral trauma presents a circulator) hazard, 
and circulatory inadequac) owing to decreased venous pressure and re 
duced cardiac filling is imminent in all anesthetized animals wherein 
the flaccid skeletal muscles and the open abdomen encourage the st 3 g 
nation of blood Moreover, such animals are usuall) either overheated 
or overcooled and suffer progressive hemoconcentration and oligemia 
There is little a prton doubt that venous pressure and cardiac filling 
are embarrassed in an anesthetized quadruped whose legs are forcibl) 
extended while it is tied upon its back If under these conditions vaso¬ 
constrictor activit) does not approach a maximal level, it must indeed 
be because of the reign of chaos in the autonomic nervous s)stem, or 
because the hardy and almost indomitable receptor systems of the 
aortic arch, carotid sinus, and other vasosensmv e zones are either fa 
tigued or depressed below the level of response When we add to this 
confusion the possibility that the anesthetic, which ma) be concentrated 



HISTORICAL SKETCH 415 

in the tubular urine, may just as well disturb the responses of the tu¬ 
bules or the renal circulation as those of the cerebral cortex, it may be 
safely inferred that the anesthetized animal is no easy place for the phys 
lologist to find his way about Surgeons have long been aware of the 
physiological disturbances associated with all forms of anesthesia, phjs 
lologtsts, less concerned with the ultimate fate of their subjects, have 
too frequently remained stubbornly oblivious to them * 13,9 

To return to Bernard's original observation, when the splanchnic 
nerves were sectioned in the anesthetized, laparotomized animal, the 
renal blood flow and the urine flow generally increased on the denervated 
side Whether the explanation of denervated hyperemia’ is simple or 
complex, it is not surprising that the phenomenon itself failed to be 
confirmed in the first observations to be made painlessly on the unanes 
thetized and untraumatized animal Using the explanted kidney prep¬ 
aration, Rhoads, Van Slyke, Hiller, and Alving 1704 found that neither 
local anesthesia nor surgical denervation of the kidney had any effect 
upon the renal blood flow Lassen and Husfeldt 1518 observed no increase 
in the creatinine clearance in 4 normal subjects during spinal anes¬ 
thesia, where the blood pressure fell, this clearance decreased but, when 
the pressure was maintained by ephetomn, the clearance remained prac 
tically unaffected Smith, Rovenstme, Goldring, Chasis, and Ranges 1340 
demonstrated in normal, unoperated subjects that spinal anesthesia, up 
to levels (T5 or higher) considerably above those at which the efferent 
sympathetic pathways to the hidne>$ emerge from the cord, does not 
produce renal hyperemia as judged b> the diodrast clearance, nor does 
it have any other consistent effect upon the renal circulation These in 
vestigators concluded that the renal blood flow is normally determined 
by autonomous, intrinsic activity of the renal arterioles and is not de¬ 
pendent upon tome activity in the sympathetic pathwajs * 

* This conclusion was extended, on the basis of negligible blood pressure 
changes, to the artenoles of the body generally (exclusive of the skin) but spe 
ciucaUy only m man «v the testing, basal condition and m the supine position 
Reduction in blood pressure during operative procedures under spinal anesthe 
sia was attributed b> Rovenstme et al wt to a ‘decrease in venous pressure fo! 
lowing stagnation of blood in the capillary and venous bed of the atonic limbs, 
and to the paralysis of the abdominal and intercostal muscles, all of which con¬ 
tribute in some measure to the cts a ttrgo of venous return 

The blood pressure changes that frequently accompany high spina! anesthe 
sta dunng surgery are, we believe, subject to reinterpretation with due considera¬ 
tion of the role of variable factors not encountered when operativ e interference 
and positional changes are eliminated Many factors present during surgical 
manipulation, such as laparotomy, and weight of abdominal retractors, hemo- 
stats, the pressure of packs and the pressure which assistants put upon the ab- 
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Complete surgical denervation of the kidney can be secured, accord 
jng to Quin by, 1 ea only by section and resuture of the artery, \em, and 
ureter * Most investieators have been content, however, to divide all 
visible nerves entering the hilus or to cut the splanchnic nerves 

To return to the phenomenon of denervation diuresis, observations 
on unanesthetized animals lead to a result quite contrary to that which 
has been obtained over a period of 70 years in acute anesthetic expen 
ments In 1931 Bykov? and Alexejew Berkmann *“ explanted the ureters 
of a dog so that the unne flow of each kidnej could be determined sep¬ 
arately One kidney was then denervated After recovery from the op¬ 
eration, the unne flow remained almost identical on the two sides under 
all conditions A similar technique involving explanted ureters was used 
repeatedly by ’S emey and his coworkers, ,os w ho again found no differ 
ence in unne flow in the denerv ated as compared with the normal kid 
ney Subsequently Vemey and his coworkers showed that the wide flue 
tuations in unne flow associated with water diuresis, with sensory stim 
ulation, and with excitement and exerase are mediated m both the nor 
mal and denervated kidnej in an entirely parallel manner by hormonal 
control, as shown in chapter x and figure 73 Grabfield and Swanson TOsa 
and Hiatt,”* utilizing extenonzed ureters in the unanesthetized doe, 
report that there are no significant differences in unne flow or renal 
blood flow between the normal and denervated kidney Chasis and 
Michie m found that unilateral denervation in patients with essential 
hypertension does not increase the renal blood flow or the unne flow on 
the operated side Although their observations were not designed to test 
the point specifically, no diuresis after denerv ation of a single remaining 
kidney was observ ed in the dog by Rhoads el al , l M or by Smith et al IM * 
and other investigators who have examined renal function in man dur 
ing spinal anesthesia. The fact that water intake and unne output may 
be temporanly increased after bilateral denervation ,u maj be referable 
to other factors and does not refute the many observ ations now avail 

domma' wafts, as weft as die man potation of die viscera and hemorrhage it 
self may serve to reduce v enous pressure and therefore card ac output and may 
be the primary factors in precip rating the extreme reduction of blood pressure 
sometimes observ ed m the surgical application of sp nal anesthesia, rather than 
vasomotor paralys s itself For it must be recognized that, given almost comp! te 
paraljsis of the thoracicolumbar autonomic nervous system, the patient is de 
pnved of nearly all defense aga nst circulatory embarrassment. That such fac 
tors are chief!) involved is indicated by the absence of an) severe circulatory 
changes during high spinal anesthesia m unoperated man 

* Professor Marshall relates that when Qumby wanted to denervate a dog s 
kidney he would remove if and pass it around among the spectators. 
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able on unilateral denervation in the dog and man; and, in the nature 
of the problem, observations on anesthetized animals 1173 can no longer 
be considered pertinent to the question MaJuf 1173 transplanted a dog’s 
kidney to the femoral region, exteriorizing the ureteral orifices. The re¬ 
absorption of water and chloride from the glomerular filtrate (inulm or 
creatinine clearance) remained identical in the transplanted (dener- 



of the left splanchnic nerves In the first test, 2 days after unilateral splanchnic- 
ectomy,28occ of water were gi\e« by stomach tube; in the second test, 4 dajs 
later, 300 cc. were given. (Klisiecki, Pick ford, Rothschild, and Verne y 

vated) and non-transplanted kidney, during both diuretic and antidiu¬ 
retic conditions. The phenol red/inulm clearance ratio was also identi¬ 
cal, indicating that transplantation had no effect on tubular excretion 
and no marked effect on blood flow. Moustgaard has also found that 
denervation does not affect the filtration rate or renal blood flow in 
dogs. 

Like 'denervation hyperemia,’ ‘denervation diuresis’ appears to be a 
release from enhanced vasoconstrictor tone engendered by anesthesia 
and traumatic operative procedures. The renal vasomotor pathways in 
man, and probably in other mammals, arc normally at rest; like the 
sympathetic nervous system generally, they serve to meet the ‘emer- 
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gencies' of anesthesia, hemorrhage, oligemia, traumatic excitation, fear, 
and shock so frequently created, among other ways, by unwary' phys¬ 
iologists. 

Despite the limitations of earlier methods, they sufficed to 
establish a number of important points about the renal circulation, 
to which we may' add others that have been established subse¬ 
quently. 

The kidneys receive a rich supply of vasoconstrictor fibers via 
the thoracicolumbar sympathetics. The evidence is against the 
existence of vasomotor fibers of any kind in the vagus, and there 
is no evidence of renal vasodilator fibers in the thoracicolumbar 
sympathetic pathways. 

Moderate doses of adrenalin and presumably mild sympathetic 
activity produce some degree of renal ischemia. Larger doses of 
adrenalin and strong sympathetic excitation produce a more 
marked ischemia and may render the kidney completely bloodless. 
No evidence exists that adrenalin in any dose produces hyperemia 
in the kidney (as it does in the skeletal muscle, the cardiac, pul¬ 
monary, and cerebral circulation, and in some visceral organs in 
some species) by' vasodilation. 

The renal circulation has a remarkable capacity* to adjust itself 
quickly in the face of changing arterial pressure so that the renal 
blood flow tends to remain constant whether the arterial pressure 
rises or fails. This autonomy is not impaired by' denervation, and 
probably accounts in great measure for the constancy* of the renal 
blood flow during changes in blood pressure associated with spinal 
anesthesia in man. The renal circulation does not show reactive 
hyperemia (i.e. vasodilation after a period of ischemia). 

Though many substances (caffeine, glucose, sodium chloride, so¬ 
dium sulphate, salyrgan, histamine, theophylline, glycol, amyl 
nitrite, sucrose, phenol red, creatinine), when injected intrave¬ 
nously in relatively large quantities, have been reported to pro¬ 
duce a momentary increase in renal blood flow’, the hyperemic 
action of these agents is variable, fleeting, and probably* non¬ 
specific. 

In unanesthetized and anesthetized dogs the kidney' partici¬ 
pates in the reflex vasoconstriction elicited by* excitation of the 
sympathetic nervous system; the resulting renal ischemia is ac- 
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compamed by a reduction m filtration rate and oliguria, the oh 
guna being in part attnbutable to the reduction in filtration rate 
and in part to increased secretion of ADH 
Renal denervation in unanesthetized normal dogs and men does 
not produce renal hyperemia, the vasoconstrictor pathways being 
quiescent under basal conditions, nor does renal denervation have 
any significant effect upon the normal urine flow, upon water 
diuresis, or pituitary antidiuresis 
Unilateral nephrectomy increases the renal blood flow in the 
remaining kidney in both dog and man, the increase being of the 
order of 70 to 100 per cent and fully attained within a few weeks 
or months This is accompanied by considerable h> pertrophy of 
the remaining kidney 

There is no evidence that the renal nerves exert a trophic action 
on the kidnejs There is no evidence of renal atrophy after renal 
denervation (observations in man extend over a period of 2 years 
or more) 

The physiological control of the renal circulation remains almost 
a complete m>ster) Future developments in this problem will 
doubtless come from isolated observations, such as are cited in the 
follow mg pages, but the relative importance of these observations 
cannot be assessed at the present time 

CLEARANCE STUDIES ON RENAL BLOOD FLOW, ETC 

Oil of Jumper 

Figure 74 has been selected as a ‘control experiment’ because it 
is, essentially, a negative one It concerns the action of a rather 
large dose (1 cc ) of oil of jumper in alcoholic emulsion on the 
renal circulation Man) )ears ago, oil of jumper enjo)ed a togue 
as a diuretic, and this fact suggested that it might have some 
action on the filtration rate or renal plasma flow The experiment 
serves chief!) to illustrate the method of examination The subject 
was prepared for the measurement of renal clearances by the ad¬ 
ministration of water both the night before and earl) in the 
morning of the test in order to establish good unne flows It is de 
sirable to hate the latter above I cc/nun if accurate urine col 
lections are to be made Suitable plasma concentrations of diodrast 
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and inulin were established by a priming injection and maintained 
by continuous intravenous infusion, and urine was collected by 
catheter and the bladder rinsed at the end of each urine collection 
period. The data recorded in the figure are the diodrast clearance 
(D) and the inulm clearance (IN), in cc/min., the filtration frac¬ 
tion (FF) (or Cin/Cd), the brachial blood pressure (by ausculta- 



Ficure 74 Action of oil of juniper on renal plasma flow (D or diodrast clearance 
in cc/min ), filtration rate (IN or inuhn clearance in cc/min ), filtration frac¬ 
tion (FF or multn/diodrast clearance ratio), blood pressure (BP in mm He) 
and urine flow (V in cc/min ) in a normal subject. (Chasts, Ranges, Goldring, 
and Smith ,u ) 

Oon) and, at the bottom, the urine flow (V) in cc/min. Zero time 
is recorded as the moment of giving the priming injection of test 
substance. 

As shown by the 3 control periods at the left of the chart, the 
control renal plasma flow averaged 782 and the control filtration 
rate, ryo cc., and the control filtration fraction, o.jpi. These 
values are extended as dotted lines across the chart. The adminis¬ 
tration of 1 cc. of oil of jumper in alcoholic emulsion had no effect 
on either the renal plasma flow or the filtration rate. The urine 
flow increased transiently from slightly above 1 cc. to above 
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8 cc/min , whether this diuresis is attributable to local action of the 
oil of jumper upon the renal tubules, to a reduction in the secretion 
of the antidiuretic hormone in consequence of reflex excitation 
from the gastrointestinal tract, or to the diuretic action of alcohol 
(vide infra) is undetermined, though the last seems a likely ex¬ 
planation The phenomenon of diuresis is, however, of seconder) 
importance, since slight changes in the reabsorption of water can 
be elicited by many different types of stimuli acting through the 
supraopticohypophysial mechanism, and they have little signifi¬ 
cance with regard to the renal circulation In the latter respect, the 
experiment was entirely negative, the slight parallel fluctuations 
in the diodrast and inuhn clearances reflecting errors resulting 
from inaccurate timing or incomplete emptjing of the bladder 
The experiment is valuable chiefly because it illustrates the gen¬ 
eral constancy of the renal circulation Systematic drifts, par¬ 
ticularly downwards, are frequently evident in long series of ob¬ 
servations of this type, the filtration rate and renal plasma flow 
may be variably elevated by the administration of large quan 
titles of water, and nervousness or the pain of venepuncture may 
reduce the renal plasma flow at the beginning of an experiment, or 
fatigue and discomfort may reduce it late in a prolonged test, but 
the investigator is usually aware of these disturbing factors and 
takes precautions to reduce them to a minimum Like the filtra¬ 
tion rate, the renal plasma flow is fairly constant in any one in¬ 
dividual One subject examined under standard conditions on 12 
occasions over a period of 4 months showed an extreme variation 
of only ±15 per cent from the avenge figure Exceptions to this 
statement occur, of course, and it is scarcely necessary to say that 
some subjects make much better experimental guinea pigs than 
others Tor critical experiments it is wise to use a subject who is 
accustomed to the clearance procedure 

WATER DIURESIS 

Tigure 75 shows that water diuresis m a subject who is already 
reasonably well hydrated is not necessarily accompanied by any 
change in renal plasma flow or filtration rate At the peak of diu¬ 
resis, the muhn U/P ratio fell to about 9, showing that response 
in this case was close to the maximal possible diuresis 
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Data have been presented in chapter m showing that there is 
no systematic change in filtration rate as between diuresis and 
antidiuresis. Chapman and Henschel ,ss record PAH clearances in 
9 normal young men during varying degrees of hydration and con¬ 
clude that there is no significant trend in renal plasma flow at rates 
of urine flow varying from 5 to 20 cc. (fig. 76). The mean figure 



Figure 7$. Water diuresis in a norma] subject. Urine flow (V) in cc/min. Other 
data as in figure 74. (Chasis, Ranges, GoJdring, and Smith ,H ) 


for the PAH clearance obtained by them (613 ± 107 cc.) is not 
significantly different from that obtained by other workers em¬ 
ploying lower rates of unne flow' (ch. xvil). 

RENAL VASOCONSTRICTION 
Neurogenic Vasoconstriction 

Beyond the studies on neurogenic vasoconstriction referred to in 
the introduction to this chapter, many observations on experi¬ 
mental animals and man reveal the significance of renal vaso¬ 
constriction under a wide variety of circumstances. It is impos¬ 
sible, except after denervation of both kidneys, to say when renal 
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ischemia is attributable to neurogenic vasoconstriction and when 
to adrenalin or other humoral agents. 

Hoff, Kell, Hastings, Gray, and Sholes 1020 report that uni¬ 
lateral electrical excitation of the pressor areas of the cerebral 
cortex in the cat (foci on the gyrus proreus, gyrus sigmoideus, and 
orbital and mesial surfaces of the cortex) leads simultaneously to 



Figure 76. Renal plasma flow at various rates of urine flow. Spontaneous ob¬ 
servations on 9 joung men, representing 59 experiments. The mean value is 
613 107 cc. (Chapman and Henschel **•) 


acute blood pressure increases and bilateral renal cortical ischemia, 
as revealed by the injection of India ink. The experiments are im¬ 
portant in demonstrating cortical representation of the renal 
vasomotor pathways. 

Another extreme instance of neurogenic vasoconstriction is 
represented in the studies by Draper and Whitehead *” on dogs 
in which respiration is depressed to the apneic level by pentotha! 
anesthesia, life being maintained by diffusion of oxygen in the 
lungs. Concurrently with the cessation of respiration, the urine 
flow ceases in the innervated kidney with only slight reduction in 
rate in the pharmacologically denervated kidney. The implication, 
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not yet full) established, is that, at the moment of respirator} 
arrest, massive sympathetic discharge leads to complete and pro¬ 
tracted renal ischemia This vasoconstriction appears to be re¬ 
versible because urine excretion returns when, after reducing the 
depth of anesthesia, respiration is resumed 

ADRENALIN 

In an experiment that has long been considered a classic in renal phys¬ 
iology, Richards and Plant, nn - n, ‘ in 1922, showed that when a rabbit 
kidney is perfused at a pressure such as to maintain a constant blood 
flow, adrenalin causes a rise in the requisite perfusion pressure and at 
the same time an increase in \olume of the kidney, an observation con 
firmed in eviscerated rabbits and dogs A rise in perfusion pressure can 
mean onl> increased renal resistance, presumably because of va«ocon 
stnction, while an increase m renal volume points to vasodilation 
Richards and Plant interpreted this paradox by sueeesting that adren 
aim acts preferentially to constrict the efferent glomerular arterioles, 
thus causing enlargement of the glomeruli and the preglomexular ves¬ 
sels and swelling of the kidnc> This phenomenon has often been con 
firmed by other data, ,r * and it has been widely accepted that preferen 
tial efferent arteriolar constriction, by raising the glomerular pressure, 
would maintain the filtration rate despite a reduction m blood flow 
The phenomenon is important, since changes in renal blood flow in man 
are largely mediated without changes in filtration rate However, the 
explanation of the phenomenon in terms of preferential efferent constric¬ 
tion must be abandoned Gomez (ch xvnu) has shown that the vaso¬ 
motor changes associated with a constant filtration rate must involve 
equal changes in afferent and efferent resistance, and such we may pre¬ 
sume to be the case in the dog and man (but not necessarily in the frog) 
during the action of adrenalin Increase in glomerular volume would be 
accompanied by an almost proportional increase in surface area which, 
with the presumed increase in glomerular pressure, would give rise to an 
increased filtration rate The same argument applies to any hypothesis 
explaining the swelling of the kidney by dilatation of the afferent ar 
tenole It seems improbable, moreover, that swelling of the glomeruli, 
if it occurred, could be detected by simple oncography, because the en 
tire glomerular volume is only about 1 7 per cent of the total renal 
volume Nor is it probable, in view of the known properties of the ar 
tenoles, that moderate changes in pressure would expand the arteriolar 
tree significantly As shown subsequently (ch xvm) in man, adrenalin 
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elicits constriction of venules as well as the afferent and efferent arteri¬ 
oles; this venular constriction increases the pressure in the peritubular 
capillaries, and this must retard the reabsorption of water, leading to 
expansion of the interstitial fluid volume until a new hemodynamic 
equilibrium is reached It is probably this factor, rather than expansion 
of either capillary bed, that leads to expansion of the kidney. 



Ticure 77 Action of adrenalin on renal plasma flow, filtration rate, etc., in a 
normal subject The constancy of the maximal rate of tubular reabsorption of 
glucose fTmo in mg/mm ) shows that the reduction in renal plasma flow 
induced by adrenalin is not accompanied by closure of any glomeruli. (Smith ,m ) 

Figure 77 shows the action of 1 mg. of adrenalin given sub¬ 
cutaneously with massage for 2 or 3 min. afterwards. The renal 
plasma flow was reduced from 680 cc. (1192 cc. of whole blood) to 
a minimum of 373 cc. (654 cc. of whole blood) per min. The filtra¬ 
tion rate did not change and hence the filtration fraction rose from 
0.16 to a maximum of 0.29. 

Denervation of the dog kidney is said to sensitize it to large but 
not to small doses of adrenalin, 11 ” ,,n but unilateral s>mpathec- 
tomy in subjects with essential hypertension led to no difference 
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in the response of the two hidnejs, as shown in table \m It will 
also be noted that unilateral denervation did not produce uni¬ 
lateral diuresis, unilateral hjperemia, or unilateral change m the 
filtration fraction in these patients 


Effect of Unilateral Sympathectomy * on Renal Function in Subjects vnlh Essential 
Hypertension, tcith Reference to the Action of Adrenalin 
(o 5 mg subcu and o 5 mg intramusc or intra\ ) 

(from Chasis and Michic”*) 

Unopcrated Operated ACp 

Weeks kidney ktdnej (percent) 


1 70 158 o 26 

o 69 1:6 o 26 


25 279 o 20 
34 :oi o 27 


2 So 2 oS O 22 

I 10 155 o 25 


O 12 
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edly increased, as is to be expected where there is nn increased cardiac 
output owing to increased strobe volume, increased heart rate, or both, 
while the diastolic pressure usually remains unchanged or falls This 
decrease in diastolic pressure, examples of which are illustrated else 
where, lB7S> 1931 is qualitatively indicative of a decrease in peripheral re 
sistance Adrenalin is known to dilate the arterioles of the skeletal mus 
cles, the heart, the pulmonary bed, and the brain, the vascular bed of 
the muscles alone being sufficient to outweigh the constriction of the 
arterioles of the skin, the kidneys, and such viscera as show a vasocon 
strictor response Simultaneous measurement of cardiac output and 
mean arterial pressure by Starr et a/, 19 ” and Ranges and Bradley 1 * 7 * 
indicates that the mean total peripheral resistance is reduced, confirm 
ing the conclusions drawn by Wezler and Boger* 1 * 1 from cardiac out 
put data indirectly calculated In Ranges and Bradley's study, 7 out 
of 9 subjects showed a fall in peripheral resistance after receiving o 5 
mg of adrenalin intramuscularly and o 5 mg subcutaneously 

FROG 

Torster 877 has shown that adrenalin m moderate doses causes a reduc¬ 
tion in diodrast clearance with no change in the creatinine clearance 
(and therefore a marked increase m filtration fraction) in the bullfrog 
Larger doses result in decreased creatinine as well as diodrast clearance 
and m the number of functioning glomeruli His observations confirm 
the action of adrenalin on the frog kidney, as described from the direct 
observations of Richards and Schmidt, 17,8 Richards, Barnwell, and 
Bradley, 1709 and Hi) man, 93 * but they cannot be interpreted hemody- 
namically because of the complication presented b) the renal portal 
system 

EPHEDRINE 

In marked contrast to adrenalin,* ephednne in therapeutic doses 
usually has no or only a negligible effect upon the renal circula- 

* Ranges and Bradley m * state that the diodrast and mannitol clearances in 
6 subjects studied b> them showed the same changes as are observed after 
adrenalin The contradiction between this statement and the results reported 
bj Chasis et a /•*• are unexplained 

Maxwell, Morales, and Crowder (pcrs com ) of the authors laboratory have 
re-examined the action of ephednne in 6 subjects, giving 50 to 75 mg intra 
muscularl) with massage, and observed no significant change in inulin and 
PAH clearances, the filtration fraction, or Epaii in $ patients- In I, a period of 
sjneope with hypotens on was accompanied b> a reduction in clearances for l 
period We must therefore reaffirm the statement made by Chasis et el, that 
ephednne is without significant effect on the renal circulation in normal man 
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tion (fig 78) Gaddum 7,0 believes that ephedrine acts onI> bj 
potentiating the action of adrenalin, in which view, accepting the 
normal quiescence of the renal vasomotor pathwajs, it is not sur¬ 
prising that it is without renal action In respect to cardiodynamic 
effects, ephedrine resembles adrenalin ,<7i 



Figure 78 Action of ephedrine on renal plasma flow, etc , in a slightly hyper 
tensive subject (Smith 


PAREDRINOL 

Paredrinol, which appears to have a pure or predominant^ vasocon 
stnetor action in man, mimics adrenalin in its renal action, reducing 
the renal plasma flow without a significant change in the rate of filtra 
tion Cardiodjnamicall), it differs from adrenalin and ephedrine in that 
it consistently decreases cardiac output and increases peripheral re 
sistance 1671 

REMS 

Merrill, Williams, and Harrison Wf * found, in most of their experiments 
on anesthetized dogs, that single injections of renin increased the blood 
pressure and decreased renal blood flow, the kidney -volume increased, 
as in the action of adrenalin This paradoxical effect on renal blood flow 
and renal volume has been observed by others, who find that renin in 
creases perfusion pressure through isolated kidneys *” 
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Corcoran and Page 41141 * showed that the slow intravenous infusion 
of renin into umlaterallj nephrectomized dogs with one explanted hid 
ney caused a sustained reduction in the phenol red clearance, with van 
able effects upon the tnulin clearances Calculation of the renal plasma 
flow * from Epr and Eiv showed that this decreased 35 per cent in the 
mean, the mean decrease in inulin clearance being onl> 13 per cent 
This change in inuhn clearance is less than is to be expected from the 
regression line relating spontaneous changes in renal plasma flow and 
inuhn clearance, indicating that the filtration rate was generally some 
what increased relative to the existing plasma flow But the 13 per cent 
decrease m filtration rate, opposed to an increase of 29 per cent in mean 
blood pressure, implies both afferent and efferent constriction, afferent 
predominating 

Epr averaged o 485 =fc 0097 in the control periods and was not influ 
enced significantly by renin or by the change in renal plasma flow Eiv 
averaged 0297 ±0077 in the control periods and was increased (+50 
per cent) during renin infusion b> the reduction in plasma flow, the 
clearance remaining nearly constant 

ANGIOTON1N (HYPERTENSIN) 

It is generally accepted that angiotonm (or h>pertensm) is the active 
pressor agent formed when renin activator acts upon renin Corcoran 
and Page 41 * showed that, when infused into umlaterallj nephrecto¬ 
mized dogs with one explanted hidnej, angiotonm increased the arterial 
pressure, decreased the renal plasma flow, and increased Civ The effects 
were similar to those observed during the infusion of renin but initially 
more profound and, after interruption of the infusion, more fleeting 
The filtration rate was generally decreased initially, indicating predomi 
nant action on the afferent arteriole, but after this transient effect the 
filtration rate tended to return to normal, indicating equal action on 
the afferent and efferent side 

In man, the slow infusion of angiotonm reduces renal plasma flow 
without change in filtration rate, thus resembling adrenalin in its renal 
action Unlike adrenalin, angiotonm increases peripheral resistance and 
decreases cardiac output, chieflj bj reducing the heart rate It appears 
to have a purelj vasoconstrictor effect in man ***■”* 

Corcoran, Browning, and Page <as have reported a subject with ortho¬ 
static hjpotcnsion who responded to a tilt of 60 degrees bj svneope, 
hjpotension, and decreased renal plasma flow Angiotonm increased the 

•The values of the mean flow separately calculated from Era and Tin 
agreed within 1 per cent 
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blood pressure and renal plasma flow After treatment with the head up 
bed, when the orthostatic hypotension had disappeared, angiotomn 
caused its characteristic renal vasoconstrictor effects The) accept the 
interpretation that, in orthostatic hjpotension, the sensitivity of the 
arteriolar bed to normal vasoconstrictor influences is diminished 

Pickering and Prinzmetal Itn and Brandt and Grunn have shown 
that renin injected intravenously m rabbits in doses greater than I 
unit produces a conspicuous diuresis of tubular origin, there being no 
increase in endogenous or exogenous creatinine clearance and generally 
a considerable decrease m PAH clearance This diuresis is accompanied 
by a large increase in the excretion of protein, sodium, and chloride, the 
concentration of chloride in the urine tending to nse to or slightly above 
that of the plasma Smaller doses of renm have a slight antidiuretic 
effect 

Hy’pertensm acts similarly to renm in this respect, it increases urine 
flow and chloride excretion, the urine chloride concentration, whether 
high or low initially, approaching that of the plasma In the doses used, 
hypertensin and renin had no constant effect on the mulin clearances 
but always reduced the diodrast clearance In the anesthetized rabbit, 
renin had no conspicuous effect on Tmo during the period of diuresis 
The evidence is compatible with the view that the changes in the vol¬ 
ume and composition of the unne during diuresis produced by remn 
are mediated by hypertensin and are a result of reduction of the tubular 
reabsorption of water, sodium, and chloride ,0K This action on the tu 
bules has not been observed in the dog or man, and changes in the se 
cretion of ADH are not excluded 

Renm and angiotomn also produce in the rat transient proteinuria, 
which is attributed to increased glomerular capillary pressure 11 This 
phenomenon is abolished by adrenalectomy and not restored by mas¬ 
sive treatment with cortical extract or DCA 18 

IStJPREL 

Isuprel [l Cj'^-dihydroxvphenvl) 2-isopropvlaminoethanol hydrochlo¬ 
ride] is a compound, related to adrenalin, which has a vasodepressor ac 
tion It has been suegested that pharmacologically it resembles sympa 
thin I, once assumed to be the naturally occurring vasodepressor sub¬ 
stance related to adrenalin Corcoran and Page * * find that isuprel pro¬ 
duces a moderate increase in renal blood flow when injected intrave 
nously in dogs, with no change in the filtration rate. The effect is aue 
mented by the syunpatholytic agent, tetraethylammonmm, which also 
(paradoxically) augments the pressor and renal action of adrenalin 
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PIT RES SIN 

Earlier investigators had reported a variety of results after the adminis¬ 
tration of pituitary extracts or of pitressin to anesthetized and unanes¬ 
thetized animals, using a thermostromuhr to follow' the renal blood 
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MINl/TCS 

Hcure 79 The action of pitressin m physiological doses on the urine flow and 
renal circulation during water diuresis in a normal subject 

flow Many of the changes were very fleeting and earlier studies were 
complicated b> the use of pharmacologic rather than physiologic doses 
Corcoran and Page, 4,1 in observations on unilateral!) nephrectomtzed 
dogs with one explinted kidney, found that the intravenous infusion of 
pitressin (8 to 100 milliumts/mm ) caused an increase m renal plasma 
flow (+33 to +90 per cent), as calculated from Epjt and £js, in 5 out 
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of II experiments, irT 6 expenments the changes were negative or slight 
The inulm clearance increased in 5 expenments and showed negligible 
changes in the rest Epr increased in 2 and decreased (—28 to —45 per 
cent) m 4 experiments The changes in renal function were so various 
that the) do not reveal an) charactenstic hemod)namic pattern, the 
results are perhaps complicated by pitocm and b) the dosage, which 
exceeds that required to maintain antidmresis in the dog (5 mtlliunits/ 
hr ) b) 100 fold and more Retching, sometimes vomiting and defeca 
tion, usual!) occurred during the first half hour of the infusion, and 
hematemesis was observed once From these disturbances, it may be 
concluded that the dosage was massive and it is of particular interest 
that, although there was a marked reduction m pulse rate, the pitressin 
had no effect on blood pressure, emphasizing the inadequacy of a pres¬ 
sor test in the standardization of the antidiuretic hormone 

Maxwell and Breed (pers com ) have found that infusions in 
man of pitressin in ph> siologic doses (40 to 100 milliumts/hr) and 
in larger doses (1000 to 5000 milhunits/hr ) have no significant ef¬ 
fect on renal plasma flow or filtration rate (fig 79) In 16 subjects 
there was a consistent slight downward trend m C PA n during the 
administration of pitressin, Cp A n declined in 13 subjects and in 
creased in 3 This fall was never marked, however, and averaged 
less than 7 per cent of control levels The mulin clearance, Ep A n, 
and renal arterial venous ox>gen difference did not change sig¬ 
nificantly 

A TROPIN E 

Corcoran and Page 4,1 report that, during the infusion of pitressin, atro¬ 
pine (0065 mg intravenously) had no consistent effect on renal plasma 
flow, Eph, or phenol red clearance in unilaterally nephrectomtzed dogs 
with one explanted kidney Ei\ and the mulin clearance increased, the 
latter b> 9 to 23 per cent, in 5 of 7 experiments Blood pressure in¬ 
creased b) an average of 40 per cent over the level existing during the 
administration of pitressin The experiments again emphasize the in 
dependence of the renal blood flow and systemic arterial pressure, and 
the absence of parasympathetic cholinergic innervation in the renal 
circulation 

ORTHOSTATIC HYPOTENSION 

When a person assumes the upright posture, the blood tends to 
accumulate in the subcardial regions, particularl) in the capillary 
and venous channels, and fluid leaves the vascular tree for the 
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interstitial space, causing some hemoconcentration. He normally 
resists venous failure by walking to and fro or shifting his weight 
from one foot to the other, the contractions of the leg muscles, 
aided by the venous valves, promoting the return of blood to the 
right heart. If, however, he stands still, as in leaning motionless 
against a wall, or if he is tilted to 60 or 70 degrees on a tilt-table, 



Figure 80 Renal ischemia induced by tilting a normal subject on a tilt-table 
(Smith tM ) 


progressive venous stagnation leads to decreased cardiac output 
and vasoconstriction until the cerebral circulation is inadequate 
and syncope occurs. Through the sino-aortic receptors, the first 
lowering of mean arterial pressure elicits vasoconstriction through¬ 
out the body. 

Figure 80 shows the course of events in a subject who, after 3 
control periods in the recumbent position, was tilted head up to 
80 degrees, remaining in this position until he fainted. As soon as 
he assumed the orthostatic position, the renal plasma flow de¬ 
creased; in \iew of the fact that the mean arterial pressure did not 
decrease but was in fact slightly increased, this renal ischemia 
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must be attributed to externally imposed constriction of the renal 
arterioles All subjects do not respond alike to this ordeal, but 
qualitatively the renal effect is invariably vasoconstriction ,MI 

It will be observed that, in the subject illustrated in figure 80, 
syncope was accompanied by an abrupt slowing of the heart 
Bradycardia or cardiac arrest is stated to be the second most com¬ 
mon mechanism involved in fainting, the most common being 
abrupt vasodilatation following enhanced vasoconstrictor ac¬ 
tivity *" 

The hepatic blood flow is also reduced during a period of quiet 
standing 

Where the upright position is maintained for a shorter time, the 
changes in renal circulation are less marked but qualitatively similar to 
those described above E0 ’ Brun, Knudsen, and Raaschou SM have shown 
that oliguria persists after orthostatic syncope, despite rapid rcstora 
tion of the filtration rate, they attribute the oliguria to secretion of 
ADH 

Deyrup 40 * has shown that the filtration rate, which remains un 
changed for a period of 2 5 hr in dogs in the supine position, decreases 
slowly by 20 to 50 per cent when the animals are kept standing 

Ni and Rehberg ,K, observed a marked drop in the exogenous creati 
nine clearance in the orthostatic position, and they obtained a fatr in 
verse correlation between the creatinine clearance and the colloid os¬ 
motic pressure of the plasma, leading them to suggest that the increase 
in the latter was responsible for the decrease in the filtration rate This 
causal relationship is, how ever, open to question since \ asomotor changes 
in the kidney seem to dominate the changes in renal function Hemo- 
concentration simply parallels circulatory inadequacy 

It has been reported by several investigators ,T '* that in the dog the 
renal vascular bed does not participate in the vasomotor reflexes con 
cerned with the maintenance of atenal pressure and mediated through 
the smo-aortic receptors, but the negative reports are based on anes¬ 
thetized laparotomized animals Handovsky and Samaan m claim that 
this is not true in the postoperative, un anesthetized animal, and Mai 
mejac and Donnet report renal ischemia after section of the smo- 
aortic nerves in chlorolosed dogs Similarly the data of Bing, Thomas, 
and Waples 1 "* demonstrate renal vasoconstriction in dogs with sino- 
aortic denerv ation There may be a difference between the response in 
dog and man because of the quadrupedal and bipedal habitus, but as 
the evidence stands it appears that in both species the same cardiovas 
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cular stimuli evoke comparable renal vasoconstriction The decrease in 
the filtration rate in the face of maintained arterial pressure indicates 
marked afferent constriction 

Gabriele rs has examined the effects of changing the piezometric an¬ 
gle of the renal artery in anesthetized (nembutal) dogs When the kid 
ne> was moved cephalad and the aortic renal artery angle reduced to 
45 0 , the mean blood pressure and pulse pressure in the renal artery 
were reduced and the renal plasma flow decreased by about 36 per cent 
The author suggests that a naturally high piezometric angle may be 
related to ‘a predisposition toward hypertension,’ and that elevation 
of the kidney during pregnancy may be related to toxemia of pregnancy, 
but the total evidence indicates that the renal circulation has nothing 
to do with the causation of either disease Movement of one or both 
kidneys maj, however, be related to changes in renal function in the 
upright position as compared with the recumbent position, though the 
available data show changes qualitative!} opposite to those to be ex¬ 
pected from this cause alone 

INCREASED ARTERIAL PRESSURE 

Acutely raised intracranial pressure in anesthetized (barbital) dogs in 
which osmotic diuresis is maintained with glucose or sucrose causes a 
marked decrease in urine flow despite the accompanying great rise in 
systemic blood pressure In dogs in which one kidney is denervated, 
diminution of urine flow occurs in the normal kidney, whereas diuresis 
is maintained or increased in the denervated kidney The reduction of 
unne flow vn the normally innervated kidney is probably due to renal 
vasoconstriction resulting from asphyxial stimulation of the v asomotor 
center ,7M 

NEUROGENIC HYPERTENSION 

After section of the buffer nerves the renal blood flow in the unancsthe 
tizcd dog either remains constant or decreases slightly, despite a marked 
increase w arterial pressure The overall renal resvstao.ee vs increased by 
io to 80 per cent, whereas the peripheral resistance shows a much smal¬ 
ler change To what extent this represents autonomous adjustment 
within the renal circulation cannot as yet be determined m 
Acute elev ation of the blood pressure by 43 per cent, induced by damp¬ 
ing the carotid arteries in unanesthetized rabbits in which the kidneys 
are detvervated and the adrenal glands demedullated, is accompanied 
by an average increase in filtration rate of onlj 8 per cent and in renal 
plasma flow of 5 per cent In some instances the renal plasma flow de¬ 
creased during hypertension Renal autonomy is preserved without me 
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diation of neural reflex action or secretory activity of the adrenal me 
dulla in this species,* 80 as in the dogand man 


FRIGHT 

In the emergency theory of the function of the sympathetic 
nervous system, so well developed by Cannon, fright is placed 
high m the list of effective stimuli, exceeding even hemorrhage 



Figure 81 Psjchogcmc renal vasoconstriction during alarm (Smith 1 "*) 

and anger in its potenev During the senes of clearance determina 
tions illustrated in figure 81, the subject suddenly became alarmed 
through misunderstanding about the significance of the clearance 
procedure He became increasingly restless, apprehensive, and 
remonstrative, and sweating and pallor indicated marked sym 
pathetic excitation He was so perturbed that it was impossible to 
make blood pressure measurements, but one can be confident that 
the mean blood pressure did not fall "VS hen, after 40 mm , his 
alarm was abruptly dispelled, his apprehension was replaced by 
relaxation, laughter, and the best of humor The renal vasocon 
stnction that occurred at the peak of his alarm was as profound 
as that which is seen after the administration of large doses of 
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adrenalin and indeed persisted through the last observation The 
response is typical of adrenalin and it is, of course, impossible to 
exclude the action of this hormone, but in view of their well- 
established function it would be equally arbitrary to exclude the 
participation of the renal vasoconstrictor nerves (A second stud) 
of this type is illustrated elsewhere J *'*) 

PAIN 

Using a headpiece with adjustable thumbscrews to elicit controlled 
and reproducible pain m man. Wolf ** <l has shown that pain which 
is tolerable for considerable periods induces a marked decrease in 
both renal plasma flow and filtration rate The plasma flow was 
sometimes reduced to less than one-third of the control, the filtra¬ 
tion rate to one-half Having the subject immerse a hand in cold 
water to the limit of endurance was less effective, though the 
clearances decreased m 2 out of 3 instances after the hand was re¬ 
moved The reduction in the filtration rate indicates dominant af¬ 
ferent action, as in the case of orthostatic syncope.* 

PSYCHONEUROTIC CONFLICT 

A decrease of 2o per cent or more in renal plasma flow may occur in 
subjects with early essential hypertension when the discussion turns to 

* Continuing a quotation started on p 414 

‘We do not suppose that every alarm and apprehension has its concomitant 
of increased renal vasoconstrictor tone the autonomic nervous system is too 
complex for easy generalization I present these observations chiefly that I may 
return to an earlier point if emotional disturbance, even of an extreme nature, 
can so markedly influence the renal circulation in man, what must we say of 
procedures in laboratory animals which entail profound and almost maxima! 
sympathetic excitation by alarm and fnght, by the administration of anesthetic, 
by excitation of sensory nerves, by surgici! incisions, by the handling of the 
viscera, by circulatory inadequacy, by the manipulation of the kidney itself 
I would enter no special pica for the uncontrolled use of the clearance method 
in renal physiology until it has been more rigorously tested, and other methods 
are greatly needed to reinforce and supplement it What I would plead is that 
the history of renal physiology has been in too large measure a htstory of trau 
malic procedures which have in the end onh misled investigation, and that 
far more is to be gained by spending several years in perfecting a non traumatic, 
truly physiological method than one year in applying a traumatic one Perhaps 
it is not too much to suggest that, so far as immediate experimental procedures 
are concerned, any observation that is too traumatic to be safely, reasonably 
and ethically earned out upon man is too traumatic, as far as physiological 
\ ahdity is concerned, to be earned out upon an expenmental animal * ,r * 
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topics of traumatic significance m the life situation The filtration rate 
remains unchanged An increase in renal plasma flow occurred in one 
subject when feelings of security were induced with the aid of sodium 
amjtal A change in renal hemodynamics is not invariable under such 
circumstances, however Under presumablj similar excitation, the renal 
response is abolished b) sympathectomy so The significance of this re 
sponse, so far as the genesis of essential hj pertension is concerned, is in 
doubt, however, because significant changes, both positive and nega 
ti\e, were obtained by unpleasant psjchiatnc interviews in 4 out of 11 
experiments on 7 >oung males, 5 out of 8 experiments on 8 older males, 
and 4 out of 8 experiments on 6 females, all of whom were normoten 
sive 430 

COLD PRESSOR TEST 

Talso, Croslej, and Clarke 1044 report that, when normal subjects im¬ 
mersed one foot in ice water at i° C for 15 mm , the filtration rate and 
renal plasma flow were decreased b) 14 to 21 per cent, respective!), this 
decrease occurring either during the application of the cold stimulus or 
within some 30 min thereafter The decrease in urea clearance, chlo¬ 
ride excretion, and urine flow reported b> others 1441 may be related to 
this decrease in filtration rate The decrease in urine flow is not abolished 
by inhalation anesthesia and ma> involve an increased secretion of 
ADH elicited b> pain 1443 White and Rolf- 0 * report one experiment in 
which one hand and about a third of the forearm were immersed in ice 
water at 0° C until the pain became intense, the hand was then with 
drawn for a minute and the cjde repeated Only slight reduction in 
clearances was observed, and no change occurred when the hand was 
immersed in water at 15 0 C 


HISTAMINE 

Histamine reduces both the creatinine and urea clearances, but there is 
a simultaneous reduction in mean arterial pressure, and consequent!) the 
renal effects are difficult to interpret r? In normoten-uve and hyperten 
sive subjects, histamine in subcutaneous doses sufficient to evoke a 
moderate general reaction caused slight reduction in the renal plasma 
flow, with no significant changes m the filtration rate, the filtration frac 
tion increasing “** 

EXERCISE 

Covian and Rehberg 441 showed that exerase in man has an antidiuretic 
effect and, if the exercise is severe, it is accompanied b) a dccretse in 
the urea and creatinine clearances and sometimes by albuminuria 
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Barclay, Cooke, Kenney, and Nutt ** examined the effects of a one- 
quarter mile run at full speed in 10 normal subjects. On the average, 
exercise reduced the renal plasma flow to 70 per cent and the filtration 
rate to 55.4 per cent of the control values (single injection method). 
The filtration fraction fell from an average value of 0.158 to 0.126. All 
subjects were in a state of water dturesis Exercise appears to annul the 
antidiuretic action of pitressm, relatively more water being returned 
and the duration of diuresis being prolonged.** 

Merrill and Cargill 1140 examined the effects of stepping up and down 
2 steps, each 12.5 in. high, approximately 40 times, or of exercising the 
legs by means of a two-pedal pulley and weight device. The exercise ap¬ 
pears to have been moderately taxing to the individual. In most cases 
exercise was accompanied by moderate to marked reduction in renal 
plasma flow and filtration rate, but in none did the filtration rate fall 
as low as 70 cc/min., the value that the authors consider critical for the 
excessive retention of sodium. The authors conclude that the renal 
blood flow is reduced when the circulation is overtaxed by moderate 
exercise, a phenomenon that would be exaggerated in cardiac disease. 

White and Rolf** 09 (single-injection method) examined the effects of 
running exercise. While light exercise led to only slight reduction in 
renal plasma flow and filtration rate, moderate to severe exercise re¬ 
duced these values to half or less of the resting levels and at least dou¬ 
bled renal vascular resistance, while brief maximum exercise reduced 
them to 20 per cent or less and increased renal resistance at least five¬ 
fold. A longer period of maximal exercise at a lower rate was less effec¬ 
tive, reducing clearances to about one-third of the resting values. The 
more intense the exercise, the greater the effect, and under extreme con¬ 
ditions White and Rolf predict that almost a liter of blood per min. 
may be made available for the circulation of actite regions. Recovery 
of clearances may be incomplete 60 min. after cessation of exercise. 

Protein did not appear in the urine formed during even the severest 
exercise, but, after severe exercise, was present in the first one or tno 
postexercise samples. The authors interpret this fact as indicating that 
exercise induces generalized vasoconstriction and that only at maximal 
work levels do any large number of glomeruli drop out of function and 
suffer ischemia to the extent that they begin to leak protein. 

Reductions in renal plasma flow during short periods of exercise are 
reported by Aas and Blegen.* Kattus, Smclair-Smith, Genest, and New¬ 
man UM report that standing quietly but not motionless and walking on 
a treadmill at 3 m.p h. hate no effect on the filtration rate and only a 
moderate or no antidiuretic effect. 




Ficore 82. Mean changes (heavy lines) in renal plasma flow during and after 
light and heavy grades of work on a treadmill in 9 subjects The shaded areas 
show the standard deviation (Chapman, Henschel, Mmchler, Forsgren, and 
Kcjs”') 


vironment was 426 cc., and this decreased by 36 per cent during exercise. 

Exercise superimposed on water or alcohol diuresis decreases the pH 
and increases the excretion of titratable acid and of ammonia.* 30 The 
renal ischemia associated with exercise in man is not hemodynamically 
typical of the action of adrenalin 

Exercise also reduces the hepatic blood flow. 32 
Chapman, Henschel, Minckler, Forsgren, and Keys examined men 
exercising on a motor-driven treadmill at energy outputs corresponding 
to 419, 612, and 1070 cc. of oxygen per min. per sq. m. The highest level 
sufficed to tax normal active males only moderately, but caused con¬ 
siderable discomfort in subjects accustomed to little or no strenuous 
exertion. During the first 16 min. of exerase, the renal plasma flow de¬ 
creased by an average of 6, 17, and 25 per cent of the resting control 
value at the three rates of exercise. Continued walking for another 16 
min. yielded average reductions of 15,27, and 37 per cent of the resting 
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control values The renal plasma flow had not returned to basal levels 
after 40 mtn of recov ety (fig 82) The authors note that, at the lightest 
rate of exercise, about 150 cc/mm of blood are diverted from the hid 
ney for circulation elsewhere For the heaviest work load, the corre 
sponding figure is about 330 cc , a not inconsiderable amount Similarl), 
Chapman, Henschel, and Forsgren 1,1 found that during moderate exer 
cise of relatively long duration the renal plasma flow decreased in 4 
young men by 9 to 23 per cent, during the second 16 min period it 
decreased by 15 to 37 per cent and during the third 16 mm period by 
19 to 34 per cent During the second and third hours of exercise, there 
was little further change In 2 men examined, the renal plasma flow had 
returned to within 10 per cent of the control value 1 hr after cessation 
of exercise 

HYPOXIA AND SIMULATED ALTITUDE 

Most investigators report that anoxic hjpoxia in unanesthetized am 
mals and man causes transient) a moderate to marked diuresis with 
generally increased chloride excretion mi 10181031 In anesthetized 

animals, on the contrary, anoxic hypoxia usually leads to oliguria or 
anuria wtimiw* *»*• *osi.*o«.*qw Stichnej, Northup, and Van Liere* 0B » 
conclude that mild hypoxia m anesthetized dogs generally produces 
polyuna, while severe hypoxia produces oliguria, but the incidence of 
either appears to be affected by the t>pe of anesthetic agent used Since 
h>poxia mi) affect the tubular epithelium, the renal circulation, the 
secretion of adrenalin and antidiuretic hormone, and possibl) the secre 
tions of the adrenal cortex, these changes m urme flow as well as changes 
in the composition of the unne are uninterpretable without further in 
formation 

McCance ,m reports a subject who suffered sjncope from apnoic 
anoxemia following voluntary ventilation During the ensuing oliguria, 
the rate of excretion of creatinine and sulphate were reduced to three 
quarters and two-thirds, respectively, of their initial values, indicating 
a marked reduction in the filtration rate Urea excretion was reduced 
even more, probablj because of the oliguna Ammonia formation and 
the capacitv to form a concentrated urine were not affected 

Caldwell, Rolf, and White ri repeated!} subjected an arm} pilot and 
an untrained subject to 93 to 130 per cent ox}gen for periods up to 
19 min , with no effects on filtration rate, renal plasma flow, renal vas 
cular resistance, or plasma glucose levels 

Fxposure of 5 normal male adults to simulated altitudes of 10,000 to 
18,000 feet for 4 to ( hr dad), 6 da)s a week, caused no change in renal 
plasma flow, filtration rate, or urine flow over periods of 4 to 0 w-ceks 
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Tmj), howev er, increased within 3 weeks at altitude, and this increase 
persisted for weeks or months after discontinuance of exposure. The in 
crease ranged from 10 to 35 per cent The intermittent exposure to low 
oxygen tensions had no immediate detrimental effect on the kidney 41 
Acute exposure of dogs to simulated altitudes of 18,000 and 24,000 
feet had no consistent effects on the filtration rate. In observations 
starting 5 min after reaching altitude, the renal plasma flow increased 
in all dogs at 18,000, and was further increased in 1 dog at 24,coo feet, 
but decreased below the ground level values in the others In 7 observa¬ 
tions, Tmp*H was unchanged, but in 3 observations this value increased 
bj 88, 135, and 222 per cent. 111 * Tmc was significant!) decreased m 2 
of 3 animals at 18,000 feet Ilff7 

Reduction of the arterial ox)gen tension to 50 mm. Hg in 9 subjects, 
7 of whom were normal and 2 eraphjsematous, produced only slight 
changes in filtration rate (—52 to +22 8, a ' erage +6 per cent) or re 
nal plasma flow (—13 to +29.4, average +13 per cent) 

The most pronounced effect was on the excretion of sodium, which 
increased from 162 to 256 pmEq/mm, and chloride, which increased 
from 161 to 245 wnEq/mm. The effects on urine flow, pH, and the ex¬ 
cretion of potassium, phosphorus, and ammonia were negligible. The 
authors note that anoxic hvpoxia probably does not contribute to the 
reduction in renal plasma flow or the retention of sodium and water 
observed in congestive heart failure. 1 ** 

Aas and Bleeen 1 obse-ved a slight increase in renal plasma flow m 
2 normal subjects breathing 9 5 per cent oxygen, the filtration rate de¬ 
creasing slightly Equivocal results were obtained in 2 patients m con¬ 
gestive heart failure 

Renal v asoconstncnon, as judged by paling, occurs m anesthetized 
(nembutal) laparotomized rabbits when the trachea is occluded, the 
renal blood flow being restored when air is allowed to enter the lungs 
These vasomotor effects are reduced or prevented by renal denerva 
tion *** 

PRESSURE RESPIRATION 

When respiration is earned out for 30 mm periods against pressures of 
10 to 40 mm Hg above ambient pressure, the urea clearance and unne 
volume undergo progressive reduction, apparently reflecting a reduc 
tion m filtration rate .“* 

ABDOMINAL COMPRESSION 

Bradley and Bradle) a * studied the effects on the renal circulation of 
increasing the intrs abdominal pressure by the application of a prieu 
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matic abdominal pressure girdle Measurements of the venous pressure 
in the inferior vena cav a and renal vein by venous catheterization re 
vealed that a compressional pressure of 80 mm Hg raised mtra abdomi¬ 
nal venous pressure to about 20 mm Hg as compared to 29 to 7 4 
mm Hg normally The PAH clearance and filtration rate were invariablj 
reduced by increased intra abdominal pressure, on the average by —24 4 
and “27 5 P er cent, respectively The filtration fraction showed no 
change The authors believed that the elevation of renal venous pres¬ 
sure was probably sufficient to account for the reduction in renal plasma 
flow, but in view of other studies on renal venous pressure this remains 
doubtful EpAn was not changed during compression, showing that there 
was no arteriovenous shunting 

Tmr> was reduced significantly by compression m 5 subjects, in about 
the same proportion as the filtration rate and renal plasma flow, so that 
the ratios CiN/TmD and Co/Tmo remained about constant Tma fell 
in 3 out of 5 subjects studied, also in proportion to the filtration rate, 
so that the ratio CjN/Tmo also remained constant The authors believe, 
since the diodrast clearance, the multn clearance, Tmn, and Tmo were 
equally reduced, that the rise in venous pressure is accompanied by a 
rise in pressure in the renal pelvis, which blocks urine outflow from those 
(longest) nephrons in which the terminal pressures are lowest As a re 
suit, all excretion in these nephrons ceases and all functions (Civ, Cd, 
Tmp, and Tmo) ire decreased proportionally Renal hyperemia did not 
occur after release from compressional ischemia 

It is noteworthy that compressional ischemia was accompanied by an 
increased reabsorption of water, even in one subject with diabetes in 
sipidus, implying that some change in renal hemodynamics is modify¬ 
ing tubular activity This matter is further discussed in chapter xxir 

Trench, Moland, and Booker report that in dogs an increase to 10 
mm Hg or less in intra abdominal pressure has no effect on the filtra 
tion rate At pressures of 20 to 30 mm this function is decreased, and 
it falls to low levels at 40 to 50 mm The phenol red and creatinine clear¬ 
ances tend to return to normal in chronic experiments if the pressure is 
not increased too rapidly, indicating compensation, but remain reduced 
at the higher pressures 

HOT ESV IROXMENTAL TEMPERATURE 

By field, Telser, and Keeton w * examined the effects of environment, as 
between a comfortable atmosphere (83 5°T, 4 per cent humidity), a 
hot dry atmosphere (99 5 0 T, 19 per cent humidity), and a hot wet at 
nospherc (99 5° T, 55 per cent humidity) on peripheral blood flow and 
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renal function The higher temperature increased peripheral blood flow 
about fourfold but was without effect upon the filtration rate m 20 
subjects Two normal subjects and 3 with essential hjpertcnsion (in all 
of whom the filtration rate was above iiocc) showedonlj small changes 
in the renal plasma flow in the hot room, but in 2 subjects with essential 
hjpertension and 1 with chronic glomerulonephritis, in whom the dio- 
drast clearance was reduced (129 to 580 cc ), this clearance dropped b) 
16 to 42 per cent Two other nephritic subjects with low diodrast clear 
ances (76 and 119) showed no change It appears that hot environmental 
conditions do not increase renal plasma flow and, if shunting of blood 
to the penpherj is marked, ma> substantial!) decrease it The marked 
decrease in both filtration rate and renal plasma flow in a hot environ 
ment reported by Radigan and Robinson 1,87 has been discussed under 
exercise In 6 trials, 4 subjects showed no change in Tmo, but in I nor 
ma! and I h)pertensne subject this function increased b> 48 and 33 
per cent, respectivel) This observation recalls the abrupt increases in 
Tmo recorded above m decompression and, on confirmation, would be 
of considerable interest relative to tubular metabolism 

DIATHERMY AND FEV ER 

Conventional diatherm) was reported b) Grant and Medes 848 to in 
crease the filtration rate in dogs, but Nicholes, Boynton, and Herrin 1871 
obtained onl) slight increases b) this method, and Page IIH observed no 
significant change in the urea clearance during fever therap) m normal 
subjects or patients with renal disease Farr and Moen c * observed onl) 
negligible changes in the urea clearance of rheumatic fever patients 
heated by carbon filament lamps When hyperthermia was induced in 
dogs by electromagnetic induction, the filtration rate decreased b) 12 
to 79 per cent Section of the splanchnic nerves and removal of the lum 
bar s)mpathetic ganglia near!) or complete!) abolished this decrease iLA 
Electromagnetic induction of heat in the region of the kidney also 
caused a slight decrease in the urea and creatinine clearances in patients 
with essential hvpertension, acute rheumatic fever, and renal disease 1>C 

ANESTHESIA 

Pentobarbital sodium anesthesia (30 mg/kg intrapentoneall)) produced 
no consistent change in the inuhn and diodrast clearances or in Tmo in 
dogs 418 This anesthetic does not depress the diodrast extraction ra 
tio, 41 * 415 from which it ma) be concluded that the renal phsma flow is 
not changed during anesthesia (from 129 ±4 8 to 1467^:21 I mm 
Hg), and the unchanged diodrast clearance and filtration fraction im 
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ply autonomous renal vasoconstriction in the face of elevated blood 
pressure 

In 3 of 37 dogs, renal failure occurred during anesthesia, the diodrast 
and inulin clearances were extremelj low and in I instance were ob¬ 
served to fall abruptly with only a slight increase in filtration fraction 
(023 to 027), while the mean arterial pressure was maintained at 116 
mm Hg or above The cause of renal failure was undetermined, but the 
authors suggest renal arteriolar constriction, since others hav e observ ed 
that thiobarbiturate given intravenously may increase blood pressure 
and simultaneously decrease kidnej volume 

Repeated anesthetization of dogs with cjclopropane, ether, and chlo¬ 
roform over a period of 8 months does not affect the maximal urea clear¬ 
ance Ninety-one control determinations on 5 animals averaged 34 9 ± 
6 I cc (<r/m *= o 176), and 83 determinations after 19 periods of anes¬ 
thesia with the 3 agents averaged 35 2 ± 5 9 («r/m =» o 166) cc/min per 
sq m 1887 

Craig, Visscher, and Houck have shown that light ether and cyclo¬ 
propane anesthesia (stage m, plane 1) in dogs produces no significant 
alteration m PAH or creatmme clearances, but in deep anesthesta (stage 
in, plane 3), uncomplicated bj surgical operation, depression of renal 
function occurs, the PAH and creatinine clearances were reduced to 
53 ± 8 9 and 48 ± 7 7 per cent of the values observed during light an¬ 
esthesia, despite maintenance of arterial pressure The filtration frac¬ 
tion fell only very slightly (to 91 tfc 3 2 per cent) These clearances re¬ 
turned substantially to normal when the animal was allowed to recover 
from stage in, plane 3, to stige m, plane 1 The reduction in creatinine 
and PAH clearances in deep anesthesia were attributed to neurogenic 
constriction of the afferent arterioles Reduction in glucose Tm it 
load/Ta ratios above I 25 indicates that glomerular activat) was re¬ 
duced much more in some nephrons than in others Repeated anesthesia 
did not alter glucose Tm when measured without anesthesia Deep an¬ 
esthesia dttreasetl xmrie flow to 41 dt 3 b per ctnt of the v aloe observed 
in stage 111, plane I The decrease in filtration rate could well account 
for this oliguria, especiallj since minnttol or glucose was infused to 
maintain osmotic diuresis, but increased secretion of antidiuretic hor¬ 
mone cannot be excluded 

Collcr, Rees, Campbell, lob, and Mo)er m state that multn and dio¬ 
drast clearances in man arc not affected bj ether anesthesia, provided 
the anesthesia is well controlled and significant blood volume reduction 
docs not occur Inulm clearances in 4 patients studied under cjclopro¬ 
pane anesthesia were depressed, in 2 patients the diodrast clearance in- 
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fever, headache, nausea, lumbar and other pains in the familiar 
manner of typhoid vaccine. The reaction is most severe when 
pyrogenic material is given intravenously. Early m investigations 
utilizing inulin, it was found that this substance may be con¬ 
taminated with pyrogen to the extent that, where 150 gm. of non- 
pyrogenic inulin could be given intravenously to man without 



Ticure 83 Rena] h>percmia induced b> pjrogcn m a norma! subject with no 
premedication Note the chills, nausea, increase m blood pressure and heart 
rate, and the rise in rectal temperature, T. 

This test was made 1 week after the observation tn figure 84 in order to cir 
cumvent the possibilit) that the reaction might be diminished by antibod) 
formation (Smith '•**) 

any disturbance whatever, 50 to 250 mg. of pj rogcnic (toxic) 
inulin would produce a severe pyrexial reaction. It was also an 
early discovery that among the sequelae of this reaction is a re¬ 
markable increase in renal blood flow. Triple typhoid vaccine and 
other p\rogens have this same action, and both pyrogenic inulin 
and triple tjphoid vaccine ha\e been used to produce sustained 
renal hjperemia in animals and man, this being an effective 
method of attaining this end. 117 m *“ 

Figure S3 shows the effects of So mg. of pyrogenic inulm ad- 
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ministered intravenously to a normal subject without premedica¬ 
tion. Characteristically, a latent period of 70 to 90 mm. intervenes 
after the injection of the pyrogen before any physiological dis¬ 
turbance is evident; this latent period extends over the first 3 urine 
collection periods in figure 83, and these may be taken as control 
values. Typically, about an hour after injection the blood pressure 
begins to rise, and the subject complains of chilliness (peripheral 
vasoconstriction). Soon a more or less severe chill occurs, and 
with the chill the body temperature begins to rise and continues 
to rise for 3 to 4 hr. regardless of whether there are more chills or 
not. At the peak of the reaction there may be additional chills, 
nausea, headache, back pain, and other symptoms of febrile re¬ 
action. At about the time of the chill, the renal plasma flow begins 
to increase; this increase is frequently but not invariably preceded 
by a short phase of renal ischemia. Renal hyperemia usually per¬ 
sists for 4 hr. or more. In general, the hyperemia will range from 
30 to 6o per cent above the control value, though increases of ico 
per cent have been observed—the relative increase, of course, de¬ 
pends in great measure upon the control level. It is perhaps more 
exact to say that at the peak of hjperemia the renal whole blood 
flow will reach 2000 to 2500 cc/min , the largest figure on record 
being 3000 cc. (The average normal figure in men is 1166 cc/min.) 
The fact that the increase in blood flow' is accompanied by a 
reciprocal change in filtration fraction (the filtration rate remain¬ 
ing constant) shows that both afferent and efferent arterioles are 
dilated. (Other studies on pyrexia! hyperemia are illustrated else- 
where. 1 * 7 »«») 

This phenomenon of renal hyperemia is naturally of great in¬ 
terest and an early effort was made to control the fever and other 
adverse reactions by various means. It was found that the ad¬ 
ministration of a suitable dose of the antipyretic, aminopyrine, 
produces in this complex response a remarkable dissociation. 
Figure 84 shows observations on the same subject as in figure 83, 
after the same dose of pjrogen but now premedicated with amino- 
p> nne (10 grains even* 4 hr. during the preceding 16 hr.). This ex¬ 
periment was carried out before the one shown in figure 83, in 
order to circumvent the possible development of tolerance to the 
pyrogen. Under aminopjridme medication, the rise in blood pres- 
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sure, the chill, the nausea, all aches and pains, as well as the rise 
ih body temperature, are abolished; one would not know that the 
subject had received pyrogen, yet the renal hyperemia still ap¬ 
pears and, as far as can be judged, is not diminished either in mag¬ 
nitude or duration. 

Pyrexial hyperemia is not dependent upon the renal nerves; 



Figure 84. Renal h> peremia induced b) p> rogen in the sime subject as is shown 
in figure 83, but after premedication with amidop\rine (10 grains eserj 4 hr. 
during the preceding 18 hr.). Note the absence of all febnle disturbances, de¬ 
spite the persistence of the renal h) peremia. (Smith 

Goldring et a /. 111 found that a fair degree of hyperemia wras in¬ 
duced by pyrogen in 3 sympathectomized h> pertensivc subjects, 
in one of whom the kidneys were examined separately before and 
after unilateral sympathectomy, while Hiatt ,M has shown that 
pyrexial hyperemia in the dog is essentially unmodified by renal 
denervation (fig. 85). It appears, therefore, that the dilatation of 
the renal arterioles is effected either by a local action of the py¬ 
rogen (or some derivative) on these arterioles or by the secretion, 
perhaps elsewhere in the body, of a vasodilator}* agent which is 
transmitted to the kidneys by the blood. The first is the more 
likely interpretation. 
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Bradley, Chasis, Goldring, and Smith 537 have shown that dunng 
the afebrile reaction (in premedicated normal subjects) the cardiac 
output generally increases, usually as a result of an increase in 
both the pulse rate and the stroke volume, while total peripheral 
resistance is decreased. Generally, these reciprocal changes are 
such that the arterial pressure is well maintained but, in some in¬ 
dividuals, especially hypertensive subjects, the increase in cardiac 



Tmo »n the intact and dcnervated kidnejs of i dogs under normal conditions 
and during pyrexia! hyperemia. Each datum represents a clearance period 
(Hiatt •") 

output is inadequate to offset the decrease in resistance and ar¬ 
terial pressure is reduced, even to shock levels where it is necessary 
to keep the patient in a head-down position in order to maintain 
the cerebral circulation. At the peak of the reaction, most subjects 
show circulator)' inadequacy, if placed in the upright position, 
owing to imbalance between cardiac output and peripheral re¬ 
sistance. In the recumbent position the renal fraction (per cent of 
cardiac output going to the kidneys) is increased, implying greater 
vasodilatation in the renal vascular bed than in the rest of the cir¬ 
culator)' system. 

Pyrexial h) peremia has been used to examine glomerular dy¬ 
namics in norma! persons ,,M and in subjects with essential hy- 
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pertension 7,s and to observe the effects of the repeated induction 
of renal h> peremia on blood pressure in hj pertensiv e subjects * J * 
Maxwell, Morales, and Crowder (pers com ) have shown that 
Epaii is not reduced during h\ peremia 
The hepatic blood flow is also increased during the parcxial re¬ 
action, in one subject from 2 to 40 hters/min ,*** hjpatic h>- 
peremia, like renal hjpererma, being uninfluenced bj premedica- 
tion with amtnop>nne *** 

ADEMUC ACID, ADENOSINE, AND ADENOSISE TRiniOSPHATE 
Aden)hc acid derivatives are known to be powerful vasodilators and, 
since they are natural tissue metabolites, their action on the kidnejs 
is of some interest Houck Bing, Craig, and \ isscher ,WI have examined 
the effects of the continuous intravenous infusion of jeast (3 adenvhc) 
and muscle (5 adenjlic) acid in dogs In adequate doses, these sub 
stances produce a marked fall in blood pressure, accompanied b> rcduc 
tion in filtration rate ranging from 10 to 100 per cent depending upon 
the degree of blood pressure reduction Where the filtration rate is not 
too grcatlj reduced (o to 35 per cent), the renal plasma flow remains 
constant or increases above the control value At lower pressures, renal 
plasma flow decreases In all cases the filtration fraction decreases Im 
mediately after the infusion is stopped, the blood pressure and filtration 
rate return to or near the pretnfusion level, and the renal plasma flow 
reaches h>percmic levels ranging from in to 240 per cent of the con 
ttol, the. h) peremia lasting Cor as long as too twuv 'l he filtration (Vac 
tion remains reduced Qualitative!) similar results were obtained with 
)ea$t adenosine and sodium adenosine triphosphate The hemod)namic 
relations indicate an equal effect on the afferent and efferent arterioles 

CINCHONA ALKALOIDS 

The fact that large doses of some of the cinchona alkaloids cause penph 
eral dilatation and a marked reduction in blood pressure led Hiatt and 
Suhne*** to examine their effects on the renal circulation in dogs In 
14 out of 19 experiments, quimdtnc, cinchomdine, cinchonine, and qu 
nine caused an increase in the PAH clearance of 30 to <0 per cent, the 
increase beginning within 30 mm and lasting for several hours acctrd 
ing to the sojt urn of the drug in the Wood 1 he filtrati »n ra*e also in 
creased, but to a lesser extent It is presumed that these compounds act 
directl) on the renal artcrio’cs An increase of PAH clearance of 50 per 
cent or more can ta maintained over a period of several da)j in ntrnul 
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dogs and in dogs with neurogenic hypertension 994 In min, the cinchona 
alkaloids have a variable effect but generally decrease the renal plasma 
flow and increase the filtration fraction m 

DIBENAMIVE 

Ogden ISW reported that dibenamine, a sy mpatholj tic and antihista 
mime agent, when administered intravenously to dogs, has a renotoxic 
action, reducing the PAH clearance after 2 doses of 20 mg/kg from 206 
to 18 7 cc, the creatinine clearance from 57 5 to 7 16 cc, and leading 
to loss of concentrating power (U/P ratio — 1 5 to 2 o) and to tubular 
degeneration Wang and Nickerson, 111 however, report that intravenous 
doses of 20 mg/kg once a week for 6 weeks produced no sustained 
changes in the creatinine or PAH clearance During the maximal s>m 
pathetic blockage produced by this compound, the P^H clearance was 
reduced to 10 to 34 per cent (average 21 per cent), probably as the re 
suit of reduced systemic arterial pressure The creatinine clearance was 
unchanged and hence the filtration fraction increased by a like amount 
Wang and Nickerson were unable to substantiate the renotoxic action 
of this compound 


THEOPHYLLINE AND CAFFEINE 

Observations in the older literature indicated that the xanthine denva 
tives increased the renal blood flow, but nearly all such observations 
are technically open to one criticism or another *” In man, both theophj I 
line (aminophylline) (o 72 to 1 2 gm of the ethy lenediamine salt intra 
venously, or 17 mg/min by continuous infusion) and caffeine (450 mg 
of the sodium benzoate salt subcutaneously, with another 4J0 mg in 
travenously half an hour later) increase the filtration rate After a brief 
and variable increase in renal plasma flow this suffers a sustained de¬ 
crease raising the filtration fraction After larger doses these effects are 
more marked than in the subject illustrated in figure 86 

In subjects with chronic congestive heart failure it is claimed that 
theophylline has the same action as in normal subjects except that the 
ncrease in renal plasma flow is sustained * os Sinclair-Smith, Kattus, Ge- 
nest, and Newman ,m also obtained a substantial increase m the filtra 
tion rate and renal plasma flaw by o 24 gm of aminophylline adminis¬ 
tered intravenously in a subject with chronic congestive failure. Both 
renal effects were diminished or absent after the patient had been com 
pensated under digitalization 

The xanthine derivatives decrease the cerebral blood flow, 1156 but they 
increase the cardiac output and decrease peripheral resistance, 1 ’ 1 * 1(tr IW 
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showing that they dilate some arterioles in man; the renal action ap¬ 
pears to be predominantly upon the afferent glomerular arterioles, thus 
raising the filtration pressure. Eschcr and her coworkers m report that 
the period of increased cardiac output after theophjlline coincides with 
the period of renal hyperemia; the renal plasma flow decreases to or 



Ficore 86 . The action of theophjHine ethjlenc diamine on the renal circulation 
in a normal subject. The unne flow (V) is gnen at the bottom. (Chasis, Ranges, 
Goldnng, and Smith *“) 


below normal as the cardiac output returns to normal, but the filtra¬ 
tion rate remains elevated. 

Theophjlline trebled the filtration rate and nearly doubled the renal 
plasma flow in the rat, with no effect on Tmo- 11 * Kuphjlline appears 
consistently to increase the filtration rate in the dog. nw 

HYDRAZINO-rimiALAZJNE HYDROCHLORIDE (CIBA 5968) 

This compound has been shown by Reubi ,,n to produce renal hjper- 
emia in man in doses of 8 to 20 mg. administered subcutaneously. In 
normal subjects and subjects with essential hypertension or chronic 
glomerulonephritis, the PAH clearance increased by 16 to 68 per cent 
(average 38.6) of the control value, the hyperemia lasting 1 to: hr. or 
more. The thiosulphate clearance did not show a consistent change, the 
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filtration fraction invariably decreasing Toxic manifestations are said 
to be relatively unimportant Blood pressure showed a definite reduc 
tion only m some hypertensive patients The effects on renal hemody 
namics are similar to those produced by py rogen 

TETRAETHYLAMVIOSIUM 

This quaternary ammonium compound has a marked sympatholytic ac 
tion Aas and Blegen 1 report that it reduces renal function in normal 
subjects The filtration rate decreased by 4 to 62 per cent (average 
—26 6), the renal plasma flow by ix to 65 per cent (average -30 2) in 8 
subjects receiving 100 mg/min of the drug by intravenous infusion The 
diastolic pressure was reduced in only 2 subjects, and the reduction in 
renal function appears to involve renal vasoconstriction, but perhaps of 
an autonomous nature The drug also produced an acute reduction in 
urine flow, with some proteinuria It is of interest that Page and Tay 
lor 1848 have adduced evidence that this compound augments the vasocon 
stricter action of adrenalin and other pressor drugs, as well as the depres¬ 
sor effects of isuprel, which pharmacologically resembles sy mpathin I <y> 
Aas and Blegen caution restraint in using tetraethy lammonmm in con 
ditions where renal vasular spasm may be present There is no warrant 
to believe that, even if wholly effective as a sympatholytic agent, this 
compound would be effective m restoring renal function in anuria (ch 
xxn) Lyons, Moe, Neligh, Hoobler, Campbell, Berry, and Renmck ,SM 
report that the PAH clearance was not decreased during the hypoten 
sive phase which follows its administration, although the filtration rate 
fell in a manner parallel with the blood pressure Trom these and other 
observ ations on dogs, they infer that the compound produces some renal 
vasodilatation, but it must not be overlooked that the renal circulation 
autonomously tends to maintain itself m the face of reduced blood pres¬ 
sure, however produced, and a specific action on the kidney is not cer 
tainly indicated by these reports 

SODIUM V1TRITE 

It has long been accepted, though on little evidence, that nitrites in 
general and sodium nitrite in particular lower the systemic blood pres¬ 
sure by dilating the arterioles However, Wilkins, Haynes, and Weiss ^ 
have adduced strong if indirect evidence that sodium nitrite acts pre 
dominantly by dilating the venous system and reducing venous pres¬ 
sure, there follows a reduction of cardiac output and hence in artena! 
pressure, and the latter, acting through the carotid sinus-aortre arch 
receptors, induces vasoconstriction of the arteriolar bed The resulting 
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circulatory picture closely resembles the early stages of shock prior to 
vasomotor collapse. 

Figure 87 shows observations made during the continuous intravenous 
infusion of sodium nitrite, a technique that proves more amenable to 
control than inhalation of amyl nitrite. It "ill be obsened that the 
stronger infusion in the latter part of the test reduced the blood pres¬ 
sure but caused no severe circulatory disturbance. When, however, at 



ricu*E 87. The effects of the constant intravenous infusion of sodium nitrite 
m a normal subject. (Chasu, Ranges, Goldnng, and Smith ,u ) 

the conclusion of the last period the subject was raised in bed to 45 de¬ 
grees, the blood pressure fell to 66/44 mm. Hg and he complained of 
vertigo, demonstrating circulatory inadequacy. 

As the nitrite began to reduce the Wood pressure, the Ttnal plasma 
floss and filtration rate decreased, the latter to a slightly greater extent. 
In the last few periods there «as marked ohguna perhaps related to 
the reduced filtration rate, although increased secretion of ADH can¬ 
not 1 « excluded. The renal response here is unlike that induced by 
adrenalin and presumablj sjmpathetic excitation, in that the filtration 
rate decreased in a manner parallel with the renal plasma flow. Tim 
may be attributable in part to reduction in mean arterial pressure, but 
it is possible that the renal response involves dominant afferent con¬ 
striction. 
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THE CONTROL OF THE RENAL CIRCULATION 


HUMAN SERUM ALBUMIN 

Interest in the administration oflarge quantities of purified human 
serum albumin centers around the use of this material in the treat¬ 
ment of hypoproteinemic states, notably in nephrosis, and as a 
blood substitute. 

Cargill 527 examined the effects on renal function in man of ad¬ 
ministering intravenously 300 cc. of a 25 per cent solution of salt- 
poor human serum albumin in from 10 to 25 min. In 5 normal and 
2 hypertensive subjects, the albumin produced a slight increase 
in the inulin clearance (average -}-7 per cent) but a larger increase 
in the effective renal plasma flow (average 4-30 per cent). Ep ATI 
was invariably decreased, the average value before albumin being 
0.848 and after albumin 0.717; consequently the increase in the 
total renal plasma flow (Cpah/Epaii) was greater (average +35 
per cent) than in the PAH clearance. The true filtration fraction 
decreased on the average from 0.17 to 0.12. In 2 subjects with 
nephrosis, these changes were of the same direction and, if any¬ 
thing, more marked; but in a subject with chronic glomerulone¬ 
phritis (Cjn = 56 cc.) the albumin caused the inulin and PAH 
clearances to decrease, although a drop in Ep A n (0.64 to 0.45) re¬ 
vealed a slight increase in the total renal plasma flow. In the only 
nephrotic subject examined, the albumin reduced Epah from 0.90 
to 0.75. 

Cargill justly emphasizes that, in view of the marked effects of 
albumin on E PA n, too much confidence should not be placed on the 
presumed parallelism between the PAH clearance and the total 
renal plasma flow without knowledge of E p * n in other circum¬ 
stances. The effect of albumin in reducing E PA h is, however, ex¬ 
ceptional, this being the only instance where the phenomenon is 
recorded. As possible explanations of the effect of albumin on 
Epah, he excludes a change in the rate of acetylation of PAH. He 
notes that with increased filtration and reabsorption of albumin 
the PAH transport mechanism may be overloaded, but he con¬ 
siders as more likely the possibility that blood is diverted through 
the juxtamedullary circulation. 

The decrease in Epaii observed by Cargill has been confirmed 
by others. Michie, Gimbel, and Riegel (pers. com.) ”” have found 
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that the rapid administration of 75 gm. of albumin causes no im¬ 
mediate change in Tmrui or Tma, but the total renal plasma flow 
increases markedly, Epah decreasing from 0.915 to 0.520 at 200 
mm. Twenty-five gm. of albumin had qualitatively similar effects, 
the total renal plasma flow increasing by 100 per cent and Epuj 
decreasing from 0.922 to 0.461. These authors believe that the ad¬ 
ministration of albumin opens arterial-venous anastomoses with¬ 
out diverting blood away from the glomeruli, since the PAH 
clearance and the filtration rate remained unchanged during the 
time when Epah was reduced. 

These investigators also examined the effects of 50 gm. of salt- 
poor human albumin administered intravenously in 2 subjects 
over a 17 day period. Satisfactory control clearances were not ob¬ 
tained because of pyrogenic reactions, but experimental data arc 
compared with observations made 6 months later. By this refer¬ 
ence, the total renal plasma flow was increased by 38 and 72 per 
cent during albumin administration. The filtration rate did not 
show consistent changes. Epah was not reduced significantly, 
being 0.875 an d 0.953 12 fit* after the last albumin was admin¬ 
istered, and 0.924 and 0.915 1 week later. Tmrui "as, however, 
increased by albumin by 48 per cent in 1 subject and 69 per cent 
in the second. 

Barker, Clark, Crosley, and Cummins * 7 similarly found that 75 
gm. of salt-poor human sodium, given intravenously in less than 
30 min., decreases Epui from 0.90 or above to the range of 0.58 to 
0.80 in 5 normal subjects. The total renal plasma flow generally 
increased. Since the filtration rate was not generally decreased, 
and Tmpvn was not decreased in the 1 subject examined during 
the albumin effect, these authors agree with Michie el a!, that the 
reduction, in Epxu can best be interpreted as a result of the opening 
of uncleared channels (arterial-venous anastomoses) rather than 
of juxtamedullary diversion. 

Observations by Maxwell, Morales, and Crowder (pers. com.) 
indicate that the reduction in Emu that follows the administration 
of albumin is not due to the accompan>ing renal hyperemia, since 
no such reduction occurs during pyrexial hyperemia (triple ty¬ 
phoid vaccine). In 1 normal subject, Emi averaged 0.935 before 
and 0.925 during hyperemia, although the renal plasma flow* in- 
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creased by in per cent In a second, Epui averaged 0925 before, 
and 0 89 when the renal plasma flow had increased b) 53 per cent 

It seems probable to the writer that the interpretation of 
Michie, Barker, and their coworkers, that large rapid doses of 
albumin open arterial venous anastomoses, is the correct one 
The problem is, however, a complicated one and will be discussed 
at greater length in chapter xxv 

Goodyer, Peterson, and Reiman 111 report that the intra\enous ad 
ministration of 75 gm of human salt poor albumin into normal subjects 
during water and mannitol diuresis, which served to increase the plasma 
volume b) 20 per cent as judged by hemoglobin and hematocnt, led to 
a reduction in unne flow, to a slight decrease in mannitol clearance 
(single injection method) (—11 per cent), to a decrease in sodium (—46 
per cent) and chloride (—62 per cent) excretion, and an increase in po¬ 
tassium excretion (+40 per cent) 

Venous pressure fell 15 to 60 mm of saline in 2 subjects and rose 35 
to 100 mm in a third A similar reduction in sodium excretion (from 
3 o gm to 1 8 to 2 2 gm/daj) occurred m a subject receiving 75 gm of 
albumin per day for 4 days, with no increase in unne volume When 
albumin was stopped sodium excretion returned to control levels No 
albumin was excreted in the unne 

These negative results with respect to filtration rate and the decrease 
in sodium excretion contrast sharply with the increase in filtration rate 
and in salt and water excretion foUomng the administration of albumin 
to patients in the nephrotic sjndrome, where albumin infusion generallj 
causes a large increase in filtration rate and sodium excretion (ch xxvi) 

PLASMA 

Lauson, Bradle), and Cournand ‘* tT did not observ e anv remark 
able increase m renal function following transfusion of blood or 
plasma in patients in shock beyond what might be related to the 
improvement in the circulation In most cases the renal blood flow 
remained at subnormal levels 

When large quantities (900 to 1955 c c ) of reconstituted plasma 
were giv en fairlj rapidlj to convalescent subjects who for the most 
part had normal renal function, \\ dson and Harrison *-** found a 
marked increase in the creatinine and PAH clearances, the filtra 
tion fraction invariably decreasing (Ep*n was not determined) 
The maximal increase occurred about 25 min after infusion and 
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was followed in 15 to 20 min. by maximal diuresis, the average 
urine flow' at the peak being 10.9 cc/min. above the control level. 

In summary, the foregoing studies show that, while the renal 
circulation has considerable lability, the afferent and efferent ar¬ 
terioles have remarkable autonomy, or at least apparent au- 
tonomv, of action. However, most of the circumstances so far de¬ 
scribed as eliciting changes in renal function are rather extreme in 
nature, such as those that excite marked sympathetic actmtv and 
vasoconstriction elsewhere in the bod>. Clearly, whatever other 
regulation is imposed on the renal vascular bed, the renal circula¬ 
tion is subordinate to the emergency function of the s>mpathctic 
nervous system. 

As opposed to this subordination, it ma> be reiterated that an 
outstanding feature of the renal circulation is the subtle capacity 
of the renal vascular bed so to adjust itself that the renal circula¬ 
tion tends to be restored in the face of prolonged increases or de¬ 
creases m arterial pressure. The evidence indicates that this re¬ 
adjustment reflects autonomous activitv which is independent of 
the vasomotor nerves, though that it is independent of cxtrarenal 
humoral agents cannot be stated One senses that this autonomous 
regulation actuallv acts in opposition to, or as a check upon, e\- 
ternallv imposed vasomotor excitation, viclding onlv under ex¬ 
treme provocation, and that somewhere within the complexities 
of the renal circulation is a more subtle stimulus (or group of 
stimuli) which, because it is integral to the mechanism of autono¬ 
mous control, can produce more immediate and profound changes 
in filtration rate and renal blood flow than arc produced bv most 
extrarenal factors If vve approach the problem of the control of 
the renal circulation with th c a priori notion that this control con¬ 
sists of a balance of forces between opposing stimuli reaching the 
kidnev from the outside, we arc certain!) destined to be disap¬ 
pointed. Despite certain limitations, the renal circulation performs 
a nicclv quantitative job without the aid of the s> mpathctic nerv¬ 
ous svstem, the adrenal medulla, the adrenal cortex (if adequate 
sodium is available), the netirohvpophvsis, or most of the other 
endocrine glands, and in doing so must make some remarkable re¬ 
adjustments of Its own activities. 
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Complementary to this speculative, almost intuitive, view is the 
fact that in some respects the kidney is charged with almost the 
sole responsibility for the regulation of the composition of the in¬ 
ternal environment with respect to salt and water; and that, in 
carrying out this task, a nice balance must be maintained between 
glomerular and tubular function. The requirements of glomerular- 
tubular balance extend to the individual nephron, and thus one is 
tempted to the further speculation that what we observe in the 
mass action of the kidneys is but a statistical mean of many es¬ 
sentially autonomous units. There is evidence that here is at least 
one avenue (it need not be the only one) of approach along which 
we can search for the vis a tcrgo of renal regulation. The problem 
cannot be explored profitably except against a background of 
knowledge of electrolyte excretion, and further speculation can 
profitably be postponed to later chapters. 



CHAPTER XV 


Trophic and Other Factois Related to 
Renal Function 


ANTFRIOR P1TUITARV 

Numerous lines of evidence have long indicated that among the var¬ 
ious trophic hormones elaborated b> the anterior pituttar) gland, one 
or more has a powerful renotrophic action The kidnejs of h)poph) 
sectomized rats weigh less than those of normal animals, 110 and h> 
poph> sec torn) prevents compensator) hjpcrtrophv inumnephrectomizcd 
dogs ** K - rn and mice “** Anterior lobe extract causes renal hvpertrophj 
in castrate male mice, this effect being greatl) enhanced b> the simul¬ 
taneous administration of th)roxin, although the latter has only a 
moderate effect alone ,m and such extracts inhibit the renal atroph) 
in rats which follows unilateral ligation of the ureter ,m The th>roid, 
gonads, and adrenals are not necessarj for renal hjpertrophj in rats, 
although h>pertroph> ma>, for some unknown reason, be prevented b> 
dictar) factors •**.»« Fontaine ° # inferred that renal regression in h)- 
poph) sectarot2ed rats is almost entircl) the result of the decrease tn 
endogenous protein catabolism, but this ma) be questioned since the 
renotrophic effects of anterior pituitar) extracts are apparentl) not re 
Iated to protein metabolism 

'Mute, Hcmbcckcr, and Kolf* ,M * =N have shown that functional!) the 
dog ktdne> is ver> sensitive to the trophic action of the anterior pitui 
tar) gland Denerv ation (or puncture) of the ncurohvpophysis in the 
dog results onl) in transient disturbances of renal function T] c dio- 
drast and inulm or creatinine clearances arc shghtl) (to to 15 per cent) 
increased after the operation, to fall slightl) (20 to 25 per cent) b"low 
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normal at 4 to 6 weeks, with return to normal by 6 months Tmn mai 
fall by ao to 30 per cent within a few days of operation, but returns to 
normal within a few weeks and remains there permanently White and 
his colleagues attribute these transitory disturbances of renal function 
to reversible damage to the pars distahs at operation 

Total (and simple) hypoph>sectomj,* however, resulted in a marked 
decrease in the inulin (or creatinine) and diodrast clearances, the former 
from an average of 104 cc per sq m to 52 2 cc by the fifth postopera 
tive da>, the latter from 237 cc to 155 cc Ed remained unchanged, be 
ing in the range of 071 to o 85 before, and o 70 after operation Tmn 
was also decreased, the loss in tubular function being even more striking 
than the reduction in circulation Complete hypophysectoim reduced 
Titid from an a\erage value of 21 mg of iodine to 5 5 mg 5 dajs later 
There was no tendency to return to normal in 380 days In 5 complete!* 
hypoph) sectomized dogs, the mulin clearance was reduced from an av 
erage of 104 cc per sq m to 54 2 cc on the fifth postoperative da), 
before and after simple hypoph) sectom> these figures were 80 and 
54 cc 

Blood volume, as measured b) T-1824 and calculated on the actual 
bod> weight, decreased by not more than 5 to 10 per cent during the 
first 6 weeks after operation, since the reduction in renal plasma flow 
and filtration rate occur much earlier, the) were apparently not re 
ferabte to decreased blood volume There was no evidence of glomerular 
intermittence, as judged by White’s 11 * 1 injection method Blood pres¬ 
sure (auscultatory ) did not increase, but frequently both s>stohc and 
diastolic pressures decreased b) 10 to 15 per cent 4 to 6 months after 
operation Anterior pituitary extract markedlv increased Titid in nor 
mal and puncture’ dogs, and restored this function to or toward normal 
in hvpoph)sectomized dogs, in which it is markedl) reduced prior to 
treatment It increased the diodrast and mulin clearances in all a 
groups m,m Comparable reductions in filtration rate and urea clear 
ance in hypophysectomized dogs, but not in diabetes insipidus dogs, 
are reported by Pickford and Ritchie ini 

The urea clearance is increased in normal and diabetes insipidus cats 
receiving anterior lobe therapy cs 

* Total hypophysectom) is complete removal or destruction of all div isons 
of the hypophj s:s, including the median eminence and stalk. Simple hjpoph) 
sectomy is cutting of the stalk with removal of the dependent gland, leaving 
the pars tubcralis median eminence, and proximal stump of stalk. Denervat on 
of the hjpophvsis (usual!) by stalk section) is eventual!) equivalent function 
all) to removtrg all the neurohypophjsis, including the median eminence and 
stalk. 
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White and hts coworkers earl) inferred that the thjroid and adrenal 
cortex were not direct!) involved in the trophic action of the interior 
pituitar), and the) attributed the change in renal blood flow ind fi! 
tration rate to rcnil vascular changes and the reduction in Tmn to a 
reduction in the quantit) of <ome h>pothetical transport substance in 
the tubule cells involved in diodrast excretion Reduction in quantit) 
of this transport substance would not necessaril) reduce the extraction 
ratio at low plasma levels but would reduce the maximal cxcretor) ca 
pacit) under loadThe cardiac output in the dog is per 
manentl) reduced after h) poph) sectom), to about the same degree as 
arc the ox)gen consumption and the renal blood flow ~ M 

Comparable depression of renal function as measured b) Tmj vit has 
been subsequently reported b) White Heinbecker, and Rolf* 5 ® 1 The) 
affirm that this depression is not due to adrenal cortical regression, since 
adrenal replacement therap) adequate to maintain renal function m 
adrcnalectomizcd dogs has no protective effect after h)poph)sectom), 
and ACIH has no effect on renal function of h)poph)sectomized dogs 
ascnbable to adrenocortical stimulation Since the th)rotrophic and 
gonadotrophic hormones have been excluded, the essential loss in h) 
poph>scctom) is ascribed to some anterior lobe factor which acts di 
rcctl) on the kidnc>s 

More rcccntl) these investigators s ®* report that the renotrophic 
action is attributable to the growth hormone, which administered cimly 
for 9 to 12 da>s to normal dogs, doubles the PAH clearance and almost 
doubles the inulin clearance and Imruti while it raises the depressed 
values of h) poph) sectomized does to or above the normal let els In 
view of the negative results obtained wath the adrenotropluc and gon 
adotrophic hormones and the slight effect of the th>rotrophic hormone, 
lhc> attribute the principal effect to the growth hormone itself, o- vjmc 
substance not )et separated from it The growth hormone, however, 
has but slight effect on renal function in adrcnalectomizcd dogs main 
tamed on DCA pellets, tmpl>mg that its action, though not mediated 
through ACTTf, requires normal corticaf activit) 

I)c Rodo, I arlc, Schw artz, I arl>cr, and Pellegrino (pers com ) con 
firm the rcductu n in filtration rate and renal plasma fi jw in hvpo| hv 
sectomized dogs, and find that 1 mo ts also reduced Such animals re 
spond to salt deprivation (intake 2 ml q/dav fi r 3 weeks) m a n)rmal 
manner in that unnar) cxcrctn n of sxlium and chloride are reduced 
to neghgil !e values and the serum socLum she ws on!) a nno* decrease 
Their to’crancc to the acute intravenous adm ms ration o f po’a s urv t» 
normal and cxcre ton increases pnamptl) to a level equal "g c r exceed 
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ing the filtered load. The excretion of water administered per os Is, how¬ 
ever, markedly delayed, only some 5 to 15 per cent of a dose of 40 
cc/hg. being returned in 3 hr., whereas normally the return Is ico per 
cent.* 31 

Oliver 155(1 has pointed out that in compensatory renal hypertrophy in 
the rat the volume of some proximal tubules may increase fivefold, al¬ 
though the total kidney tissue increases only twofold. This trophic ef¬ 
fect on the proximal tubule would appear to be related to the changes 
m Tmo and Tmp4.ii reported above. 

The data available on man 34 are insufficient to indicate any con¬ 
sistent change in acromegaly. 


THYROID 

Thyroid in nontoxic doses causes enlargement of the adult rat kidney 
with hypertrophy of the tubule cells, while toxic doses cause atrophic 
changes m * The oral administration of thyroid increases the filtration 
rate in normal and diabetes insipidus dogs,* ,6 ’ 9U - 18:4 and it increases 
TmD and TmG * M in normal dogs, and Heinbecker, Rolf, and White 948 
have shown that it effects some restoration of Tmp in dogs in which 
this function has decreased in consequence of simple or total hypophy- 
sectomy. Thyroid is, however, less effective in this respect than anterior 
lobe extract. It had only a slight positive effect in ‘puncture’ dogs, i.e. 
with a hypothalamic lesion causing diabetes insipidus and obesity. The 
diodrast clearance was not affected by thyroid treatment in the normal 
and ‘puncture’ dogs but increased substantially in hypoph) sectomized 
dogs, in which it was markedly reduced before thyroid treatment. The 
effects on the inulin clearance were positive but less striking. 

Thyroidectomy produces some decrease in the diodrast clearance and 
Tmp, with little or no effect on the inulin clearance; the effects are far 
less than those of hypophysectomy, and the depressed renal function 
after hypoph>sectomy cannot be attributed to loss of the thyrotrophic 
hormone. Thyroid administration to thyroidectomized dogs raises the 
diodrast clearance and TmD> with slight effects on the inuhn clearance. 
As noted above, anterior lobe extract, which causes large increases in 
these clearances and TmD in normal and hypophysectomized dogs, pro¬ 
duces small and inconsistent increases in thyroidectomized dogs, as in 
adrenalectomized dogs.-® 4 

Eiler, Althausen, and Stockholm 531 have shown that thyroxin in mas¬ 
sive doses (20 mg/day) increased the creatinine clearance in 3 dogs by 
ar, 42, and 45 per cent, Tmo by 40, 29, and 56 per cent, and, in 2 of the 
3 dogs tested, TmD by 115 and 48 per cent. The feeding of thyroid sub- 
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stance was generally less effective. They suggest that the action of thy¬ 
roxin on Tmu and Tma is effected by making more energy available 
through acceleration of phosphor)lation, since thyroxin is known to ac¬ 
celerate the intestinal absorption of substances undergoing active al>- 
sorption by a mechanism generally considered to insohe phosphor)la¬ 
tion. However, possible effects of thyroxin upon the anterior pituitary 
are not excluded. Thyroxin does not increase the rate of tubular rcab- 
sorption of galactose.*” 

Moustgaard uu reports that, although thyroidectomy resulted within 
4 days in a 15 to £0 per cent decrease in renal plasma flow and filtra¬ 
tion rate, it did not diminish the capacity of the dog kidney to respond 
with an increase in both functions on a high protein diet. 

Thyroxin is known to cause an increase in renal weight in rats, ,m 
m» imiKt b ut no d a ta are available on the relative changes in different 
parts of the nephron. Thyroidectomy does not present or reduce com¬ 
pensatory renal hypertrophy in the rat 1,0 The Addis urea excretion 
ratio varies with the BMR in patients with hypo- and hyperthyroidism, 
the correlation being better in the latter group. 1 ”* 

ANDROGENIC HORMONES 
Testosterone 

Korenchevsky and his associates "*• have shown that gonadectomy re¬ 
duces the kidney weight in male rats but not in females, that androste- 
rone and esters of testosterone produce hypertrophy of the kidney in 
both normal and gonadectomized female rats and in castrated males, 
and in large do^cs estrogens produce cyst-like degenerative changes in 
the juxtamedullary layer of the cortex. These renotrophic effects hasc 
been demonstrated in mice and the dog, ,r>!,c and con¬ 

firmed in rats. ,n * A number of such renotrophic steroids are now known; 
in a few* (ex. i7-meth)I-androstanediol-3a, 17a) the renotrophic action 
appears to predominate o\er the androgenic action. mu,,? Testosterone 
increases the hypertrophy of the remaining kidney after unilateral ne¬ 
phrectomy, ,r * decreases renal atrophy after unilateral ureteral liga- 
tion, mi and affords some protection against mercuric chloride poison¬ 
ing ,c * and the ‘nephrosclerottc’ action of DCA in rats.'*** Unlike the 
renotrophic action of anterior lobe extract, the renotrophic action of 
androgens is not potentiated by th)ruxin. ,n * 

The renal h)pertrophy induced by androgens is chicfl) localized in 
the tubules. In mice, the flat epithelium lining the parietal la)cr of 
Bowman’s capsule undergoes marked thickening to the extent of be- 
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coming cuboidal, and acquires brush borderSuch cuboidal cells 
are present in small numbers in untreated mice, particular!} during 
pregnanes *** Testosterone has no effect on the juxtaglomerular tissue ,ST 

Castration does not produce an) change in kidney weight m guinea 
pigs and male Syrian hamsters,"* 5 and in neither species do an 

drogens cause significant renal hypertroph) 

Lattimer 1,14 pointed out that the kidney in rats, cats, and humans 
tends to be slightly larger in males than m females, the sex ratio increas¬ 
ing to 1 5 in old cats 889 He presents new data w hich git e a hidnet weight/ 
body weight ratio in adult men (20 to 40 years of age) of 6 68 ± o 17, 
and 5 99 ± o 16 gm/kg in adult women In male infants (80 per cent 
below 1 year of age) the male ratio was 10 a ± 040 and the female 
ratio 9 99 =b o 34 gm/hg He suggests that the male sex hormone in 
creases the renal weight He obtained evidence of renal hypertrophy in 
dogs treated with 10 mg/day of testosterone propionate for 32 da\s, 
and these observations led him to test this compound in man Howe\er, 
he obtained only insignificant changes in filtration rate and Tmo in 2 
normal men, 2 with essential hypertension, and 3 with only 1 kidney, 
treated with 25 mg of testosterone propionate intramuscularly daily 
for 14 days 

In dogs again, Welsh, Rosenthal, Duncan, and Taslor 51 * 7 found that 
testosterone propionate in doses of 100 mg daily produced a rapid rise 
in Tmo, sometimes to the extent of a 100 per cent increase This in 
creased tubular function was re\ersible, but the time required for func 
tion to return to normal varied greatly The creatinine and diodrast 
clearances were unaffected, as was the blood pressure But, in man, 
Taylor and his coworhers 11JS and Dean el a/ 4il found that 90 to 700 me 
daily of testosterone propionate for periods of 8 to 29 days did not 
significantly alter the filtration rate, renal plasma flow, Tmp\n, or Tmo, 

4 normal men and 5 patients with impaired renal function being tested 
In at least 2 subjects, the dose (300 mg/day) was comparable to that 
which had proved effective in dogs A second androgen, pregnenolone, 
in doses of 100 gm daily for 30 days failed to influence the filtration 
rate, renal plasma flow, Tmpuj or Tmo m the 2 subjects tested 

The presumed efficacy of testosterone in the treatment of renal dis¬ 
ease 1159 is problematic in view of these negative results Henderson, 
Seneca, Abd El Messih, and Weinberg,*** however, report that the mar 
tahty in a cholera epidemic was substantially reduced by the admims 
tration of 25 to 50 mg of testosterone propionate daily as a supple 
ment to the established therapy The authors attribute the beneficial 
effect m part to relief of oliguria and uremia They note that albummu 
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rii decreased after therapy This interesting report presents several diffi 
cutties in interpretation, as do all problems involving the treatment of 
oliguria when recover} can occur spontaneously, but further studies will 
be awaited with interest 

ESTROGENIC HORMONES 

Selhurt, Talbot, and Houck. ,8 '’ 1 observed no significant changes in fil 
tration rate in dogs receiving alpha estradiol benzoate, and the admin 
istration of this compound in doses of 4 to 6 mg/day in 4 normal women 
produced no consistent change in filtration rate, renal plasma flow, 
Tmp\n, or Tmo, although vitamin C Tm was reduced 481 as noted m 
the dog by Selhurt et al (ch v) 

Bilateral orchiectomj in 1 women had no effect on the filtration rate, 
renal plasma flow, TmpAii, or Tmo, wl and similar negative results with 
respect to the filtration rate and Tmn are recorded in the dog 8204 

Progesterone increases the urine output of both normal and hypophy- 
sectomized rats, the effect being most marked in terms of absolute diu 
rests m the latter, in which the urine flow may amount to 50 per cent 
of the body weight per day Resistance to water intoxication is increased 
m these animals 18r 

It is of some interest that Boettiger and Boettiger 801 report that es 
trogens are excreted by the tubules of the aglomerular fish, Opsanus 
tau Conjugation may be necessary before excretion is possible If tubu 
lar excretion occurs in mammals, the assumption that blood and urine 
levels always run parallel may be questioned 

ADRENAL CORTEX 

The action of adrenal cortical extracts and of DCA have been discussed 
in chapter xii 

TROPHIC ACTION OF VITAMINS * 

VMamin A 

Starting from the observations that, 5 to 7 hr after the ingestion of 
butter, the postabsorptive urea clearance m dogs may be increased b} 
45 per cent, Herrin and Nicholes S8S examined the non saponifiable frac 
tion of butter and cod liver oil and concluded that vitamin A was chiefly 
responsible for the functional change Vitamin D was without effect 

* The term trophic is used here to designate the slowly developing increase 
in function which persists for some time after the exciting agent is withdrawn, 
in contradistinction to the rapid and transient functional changes associated 
with high protein diet, etc 
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Supplementing a diet presumably containing sufficient vitamin A with 
50,000 units dad) in the form of hah but fiver oif resulted m a 41 to 94 
per cent increase in urea clearance, the earliest increase occurring within 
a week, the maximum after 96 days In I dog, the clearance remained 
elevated for 44 days after the supplement was withdrawn A dosage of 
co,ooo to 30,000 units daily reduced the variability in response and 
shortened the period required for maximal response The larger dosaee 
may have induced toxic effects The urea clearance cannot be kept per 
manently elevated by the continued administration of vitamin A, the 
maximal observed duration of the effect bang 87 dajs The changes in 
urea clearance are paralleled b) changes m inulm clearance, the urea/ 
inulin clearance ratio averaging 0537 during avitaminosis and 0514 
where the clearances were maximal as a result of vitamin A therapy 

Vitamin A deficiency decreased the urea clearance, which rose again 
to supernormal values near terminus The depressed clearance rose in 
11 to 50 days after the administration of 15,000 to 30,000 units of vita 
mm A (halibut liver oil or cry stalline carotene) daily, the difference be 
tween low and high vitamin diets in most cases bang of the order of 75 
per cent In rats, vitamin A deficiency caused a 23 to 77 per cent de 
crease in the urea clearance, without pathological changes m the unne 
or kidneys Administration of carotene increased the urea clearance b> 
30 to 170 per cent over the level reached during vitamin deficiency *’* 

In man, daily supplementation of the diet by 50,000 to 75,000 units 
of vitamin A (halibut liver oil or concentrate) produced no chance in 
urea clearance m 2 subjects, m 4 subjects rbe clearance increased JJ to 
15 per cent, 3 nd in 7 subjects the increase ranged from 24 to 91 per cent 
This variability tn response was not evident in dogs or rats It is sug 
gested that the individual with the greater amount of subcutaneous fat, 
who gams or loses weight easily, is the type who is most likely to re 
spond with an increase in urea clearance In m3n, as m other animals, 
the elev ated clearances begin to decline after a prolonged period of vi 
tamin administration * M 

Bing m found that doses of 5000 and 50,000 units per day of vitamin 
A in com oil had no effect on the filtration rate, renal plasma flow, o~ 
Tmo tn dogs However, the daily administration of 200,000 units caused 
an increase in Tbid or TmpAH tn 3 out of 4 animals, the increase rang 
ing from 50 to 100 per cent of the control value. Increased tubular func 
tion became apparent within 3 to 5 weeks Only a slight increase was 
observ ed in Tmo in a fourth animal The filtration rate and renal plasma 
flow increased slightly in 3 out of 4 dogs, the filtration fraction remain 
ing constant The effect of vitamin A differs, therefore, from that of 
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pyrogen or yeast adenylic acid, where the filtration fraction falls during 
renal hyperemia Bing suggests that the increased renal plasma flow and 
filtration rate ma> represent a circulatory adjustment to the increased 
tubular function (an increase in renal weight not having been demon 
strated) 

Taylor, Corcoran, Schrader, Young, and Page !osl studied the effects 
of vitamin A on man in relation to reported benefit in the therapy of 
essential hypertension Of 2 normal subjects, 1 showed a 15 per cent 
increase in renal plasma flow, neither showed an increase in filtration 
rate, and the onlj one examined showed no increase m Tmn Of 10 sub 
jects with hypertension, the renal plasma flow increased in 8, the range 
being from o to 110 per cent, the filtration rate increased m 6 (range o 
to no per cent), and Thid increased in 4 out of 7 subjects examined 
(range o to 95 per cent) In 3 subjects, the maximal increase in Tnio 
was observed after treatment had been discontinued for 28, 21, and 30 
days There were no consistent changes in cardiac output (ballistocar 
diograph) The increase in Thid, the authors point out, may reflect an 
increase in the concentration of carrier substance in the tubule cells or 
an increase in cell mass, and, contrary to Bing, they suggest that the 
increased tubular function may be the result of prolonged hyperemia 
rather than a trophic action 

Dicker and Heller 8,5 report that, in adult male rats on a basal diet 
containing 125 units of vitamin A per day, a supplementary daily dose 
of 250 units produces an increase in filtration rate, renal plasma flow, 
and Tmo Free fluid occurred in the abdominal cavity in 9 out of 22 
animals, a phenomenon never observed in control rats receiving the 
same water load 

Corcoran and Page 4 3 found that crude vitamin A concentrates, 
when givtn to rats in dosage of 2000 units per day intramuscularly, in 
creased Tmpxn by 100 per cent Crystalline vitamin A (2 mg/day) and 
neovitamin A (2000 units/day) were inactive They conclude that the 
trophic action is not attributable to vitamin A, but to some other fac 
tor in commercial concentrates 

Vitamxtt B 

There is some evidence that the capacity of the tubules to reabsorb 
glucose may be decreased in dogs suffering from deficiency of vitamin 
B 892 

Vitamins D and E 

Herrin and Nicholes 983 found that the prolonged administration of vi 
tamin D (irradiated ergosterol) and vitamin E (wheat germ oil) to dogs 
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was without effect on the urea clearance. A diet high in vitamin D de¬ 
creased this clearance by 42 per cent and produced a urine which was 
dull reddish-brown in color and contained red and white cells and al¬ 
bumin, but no casts. 

DIET 

Jolhffe and Smith IW *- ,OT9 first reported that the urea clearance in dogs 
in the postabsorptive state 0 c. 18 hr. after the last meal) is considerably 
increased on a high protein (meat) diet as compared with a cracker 
meal (low protein) diet. The changes in the urea clearance are attribut¬ 
able to proportional changes m the filtration rate, as indicated by the 
creatinine or inulin clearances. ,<<s,,56 * sm Though generally reproduci¬ 
ble, the effects of a high protein diet m animals fed only once a day are 
far from quantitative, but all studies of renal function in dogs must be 
interpreted with due consideration of the maintenance diet. 

The filtration rate may be increased nearly 100 per cent, 4 to 5 hr. 
after a meal of raw beef, and it tends to persist at an elevated level for 
some hours so that the effect is cumulative. The maximal change, as 
between postabsorptive observations on a low protein diet and post¬ 
prandial observations on a high protein diet, may be 3%-fo Id. 

The effect of meat protein can be duplicated qualitatively bv casein, 
by the administration of thyroxin and phlorizin, both of which increase 
endogenous protein metabolism, and by the intravenous administration 
of glycine,* **• 1838 ,tE or the oral administration of glycine, giycjlgly- 
cine, alanine, glycolic, and pyruvic adds, but not by glucose.) IC< Her¬ 
rin ct at., Mi confirming the effects of protein, casein, and amino and hy¬ 
droxy acids on the postprandial urea clearance, found that a similar 
effect was produced by lactic, acetic, and propionic acids, but not bj 
gluconic acid. Benzoic add depressed the clearance when the basal 
values were low, but markedly elevated it when the clearance was at an 
average level. Butter and the non-saponifiable matter of butter, when 
added to a meal of starch and lard, increased the average clearance by 
45 to 57 pot cent-l 

* In these ex penmen ts Pitts infused saline at a rate of 5 to 7 cc/min , which 
may have contnbuted to the renal hyperemia since saline is known to hare this 
effect (ch. xi). 

Gljcine in amounts sufficient to ratse the plasma concentration to 60 mg/ico 
cc. is toxic and produces a decrease in renal blood flow and filtration rate, and 
an increase in the filtration fraction. 

fM. Friedman™ reports that the oral administration of gljcine docs not 
increase the filtration rate or renal Wood Row in the white raf. 

{ Vitamin A increases renal function in dogs, but the effect is rather more 
trophic than functional (side infra). 
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Alpert and Thomas 43 showed that the urea, inulin, and diodrast clear 
ances increase together, the inulm and urea clearances rather more than 
the diodrast clearance Normal, renal hypertensive, and neurogenic hy 
pertensive dogs responded in a similar manner Van Slyke, Rhoads, 
Hiller, and Alving, 3099 and Pitts 16y> showed that the increased filtration 
rate is accompanied by an increase in renal blood flow 

The most complete study of the effects of protein on renal function 
in the dog is that of Moustgaard, 1483 who has shown that, after a high 
protein meal, the mulin and hippuran clearance reach their maximal 
values at 3 to 6 hr , and return to normal by 24 hr The effect on renal 
function is perceptible with 30 gm/kg of protein and reaches its maxi 
mum at 60 gm/kg when observed 4 hr after feeding The maximal in 
crease in Moustgaard s experiments amounted to 80 and 70 per cent, 
respectively, in the inulin and hippuran clearances If protein is admin 
lstered at intervals of 10 to 12 hr , these clearances do not return to low 
protein diet postabsorptive values, and the cumulative effect is such 
that p( stabsorptively they level off at about the maximal value reached 
4 hr after feeding, this maximum being reached on the third day On 
return to low protein feeding, the clearances drop to initial values within 
4 to 5 days 

Moustgaard found that the intravenous administration of casein hy 
drolysate (5 cc/min of 8 per cent solution for 25 mm ) produces its 
maximal increase m the inulm and hippuran clearances (50 to 60 per 
cent) in about 100 min , the clearances do not return to normal in 8 hr 
despite the almost immediate reduction of the blood amino acid to pre 
injection levels after the cessation of the infusion Moustgaard did not 
get increased renal function with the intravenous administration of lac¬ 
tic and pyruvic acids Increased protein intake had no demonstrable ef 
feet on glucose Tm, confirming the evidence from other sources that all 
the glomeruli in the dog are active However, the plasma glucose con 
centration at which saturation of the tubules occurred decreased as the 
filtration rate increased, as is to be expected 

It is particularly noteworthy that Moustgaard observed no difference 
between the enervated and denervated dog kidney in this response to 
protein His studies on the effects of unilateral nephrectomy are re 
corded later in this chapter 

The effects of protein feeding on renal function in man are in general 
less marked than in the dog Large variations in protein intake have 
been found to have almost no influence on the postabsorptive urea clear 
ance in adults, 403 - 801 although children appear to be more susceptible 03 
The critical circumstance in man seems to be a very low protein diet. 
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Longley and Miller ***• found that in normal adults the maximal urea 
clearance increases when the dietary protein is increased from 03 to 
1 4 gm/kg per day, but no further increase occurs at higher protein in¬ 
takes The administration of urea had no effect like that of protein 
These authors found that the urea and inulm clearances increased pro¬ 
portionally , the clearance ratio remaining unchanged However, Nielson 
and Bang 1C9 1S “° report that on a low protein diet the urea clearance 
decreased 33 per cent while the inulin clearance decreased only 7 per 
cent, the diodrast clearance by 2 per cent The obsen atiotis on the two 
diets were made at essentially the same inulin U/P ratios, and the 
reason for the drop in the urea/inulm clearance ratio is obscure * 

As compared with a light breakfast, a large protein meal (beef steak) 
had no effect on the renal plasma flow in 1 subject reported by White 
and Rolf, 20 * though it increased the filtration rate slightly \ high pro¬ 
tein intake (220 gm/day) for a week raised the PAH clearance 18 per 
cent and the inulin clearance 31 per cent Pullman, Alvmg, and Lan 
downe kept 10 young adults on diets containing 03 to 04, 1 o to 
1 1, and 2 3 to 3 o gm/da> per kg of body weight, for successive 2 week 
periods Eight subjects showed an increase in filtration rate, averaging 
21 9 per cent on the high as compared with the medium protein diet 
Seven showed a higher renal plasma flow, the average increase being 
20 o per cent On the low protein diet, some subjects showed lower re 
nal function as compared with the medium protein diet, but the differ¬ 
ences were not significant These authors also note that on a low pro¬ 
tein diet the urea clearance decreases more than the filtration rate 

On a low protein, low salt diet, subjects with essential hypertension 
show a slow decrement in filtration rate and renal plasma flow, these 
functions decreasing to about 65 and 80 per cent, respectively, of their 
control values, but the effect is clearlj referable to the low salt intake, 
since both functions return to control levels on addition of salt to the 
diet ,5S 

Moustgaard 1,0 reports that, in the fasting dog, both the hippuran 
and inulin clearances begin to increase after the fifth day of the fast 
and by the twelfth day have risen some 10 to 20 per cent Whether re 
nal function is modified in man in consequence of prolonged undemu- 
tntion cannot be decided from the available evidence ,4M 

The difference between man and dog in respect to the effects of die 
tar> protein on the renal circulation is one of the most marked differ- 

* This decrease may be related to increased proximal reabsorptton of sodium 
and water The urea/ 5 nulm clearance ratio has never been examined in man at 
various levels of glomerular activity 
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ences m renal function between these two species * It is paralleled by 
the equally great difference in the response of the glomerular circulation 
to the administration of saline (ch xi) 

Dicker, Heller, and Hewer 819 find that in rats a protein deficient diet 
(carrots or turnips) maintained for about 36 days increases the filtra 
tion rate and renal plasma flow On the carrot diet, Tmj> did not change 
significantly, but on the turnip diet it decreased from o 132 mg iodine 
to o 089/100 gm In contrast to normal animals, the filtration rate on 
the low protein diets was significantly correlated with urine flow The 
low protein diets reduced the average maximal specific gravity from 
I 070 to I 04I, and were accompanied by renal lesions 
Dicker 513 has further examined the effects of protein on the filtration 
rate m rats, with special reference to the relation of filtration rate to 
urine flow He finds that, in both young and adult rats, with a plasma 
protein concentration below 6 8 gm/100 ce the filtration rate increases 
with urine flow In adult rats fed on a diet containing at least 18 per 
cent casein and having a plasma protein concentration above 6 8 gm/100 
cc, the filtration rate is independent of urine flow Higher concentra 
tions of protein in the plasma are accompanied by higher mean rates of 
filtration, rats fed an 18 per cent casein diet and having an average 
plasma protein of 6 83 ± o 02 gm/100 cc had a mean filtration rate of 
o 43 ± o 009 cc/min per 100 gm body weight, while rats fed a 25 per 
cent casein diet and having an average plasma protein of 7 33 ± 0026 
gm/100 cc had a mean filtration rate of 076 ± o 335 cc/min per loo 
gm body weight In both groups, the correlation between filtration rate 
and urine flow is slightly negative, whereas on diets of lower protein 
content in both young and adult rats the correlation is positive, the re 
gression coefficient increasing as the protein content diminishes f 

RENAL HYPERTROPHY ON A HIGH PROTEIN DIET 

Addis, MacKay, and MacKay 20 first demonstrated that, when rats are 
placed for the first third of their life, beginning at 30 days after birth, 
on a high (70 per cent) protein (casein) diet, the kidneys undergo hyper¬ 
trophy with no pathological change and no abnormalities in the urine 
Enrichment of the diet with sodium chloride, calcium chloride (which 

* Attention may be called to the fact that in the seal the phenomenon of 
diuresis is related to the assimilation of food, the urine flow increasing from oligu¬ 
ric levels to substantial values after a protein meal Here diuresis is attributable 
in large part to an increase in glomerular filtration (ch xvii) 
t It should be noted that the urine flow recorded here represents the spon 
taneous water intake and not water diuresis 
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is acidouc), or sodium bicarbonate has no effect on kidney weight 
Hypertrophy does not result if the high protein diet is instituted after 
the animals ha\e attained an age of 346 to 400 daysUrea, m quan¬ 
tities equivalent to that excreted on the high protein diet, has a slight 
hypertrophic effect, but it is less than that of protein, ,MI whereas no en¬ 
largement is observed in rats receivimt repeated intraperitoneal injec¬ 
tions of urea solutions 1(r or saline 5010 Osborne, Mendel, Parke, and \\ in¬ 
tern! tz 1SSS found that lacralbumin tras effective, and inorganic salts in¬ 
effective, in producing hypertrophy Evidence was obtained by these in¬ 
vestigators that, after hvpertrophy had been induced, some regression m 
kidney weight occurred if the animals were returned to a low protein diet 

The relation between protein intake and renal weight is a linear one 
An increase in a given percentage in the protein intake causes a larger 
relative and actual increase in renal weight in young rats because the 
protein intake per unit of body surface area for a given diet is much 
higher in young rats, while renal weight is essentially constant per unit 
surface area at all ages 

MacKay and Cocknll ,C71C9 suggested that kidney weight is depend 
ent on maintenance metabolism, and is almost directly proportional to 
endogenous protein metabolism on diets devoid of protein, but Wilson 41,1 
found that gelatin produces a greater increase in kidney weight than 
does casein or liver, glycine, glutamic acid, and gluten each produces 
an increase roughly proportional to the additional nitrogen consumed 
Wilson believed that hypertrophy was associated with some stage in 
the intermediary metabohsm of protern, probabfy deamination by the 
kidney Feeding thy roid iK9 and phosphate ,U1 also lead to renal enlarge 
ment 

A high protein diet leads to hypertrophy' of the adult dog kidney 
when explanted under the skin Such a kidney also shows increased size 
after a meat meal, and during saline diuresis ** Presumably hypertrophy 
occurs in situ, but it has not been demonstrated 

The increase in renal function brought about m the dog bv a high 
protein diet is both too rapidly attained and too rapidly lost on a low 
protein diet to be attributed to hypertrophy, but must be conceived as 
primarily a functional effect 

Whether a high protein diet causes renal hypertrophy in man is un¬ 
known Functionalh the human kidney responds to dietary protein in 
a different manner than does the kidney of the dog and rat 

Yeast contains substances that prevent renal hvpertrophv within defi 
mte limits of protein intake, 1 *” but it does not prevent the hvpertrophv 
which follows partial nephrectomy 
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Baxter and Cotzias l<r obtained renal enlargement in young rats by 
the repeated mtrapentoneal injection, over a period of 9 days to 1 
weeks, of gelatin, human albumin, bovine globulin, and rat serum, the 
hypertrophy effected by gelatin being the most marked Urea and casein 
hydrolysate were without effect Proteinuria was greatest with albumin, 
of intermediate intensity with gelatin, and least with globulin Only 
gelatin produced cytologic changes, which consisted of enlargement and 
vacuolization of the cells of the tubules, the proximal segment being 
more markedly involved than the distal segment Otherwise there was 
no evidence of renal injury and, except in one isolated group receiving 
gelatin, there was no formation of casts or dilatation of the tubules 
The renal enlargement was readily reversible and the kidneys regressed 
to normal weight within 3 or 4 days after the injections were terminated 
The moisture and nitrogen content were not significantly changed, so 
that the increase in weight was apparently due to addition of protein 
and water in nearly the ratio existing in normal kidneys 

In animals injected with human albumin, determination of human al 
bumin in the urine by serological precipitin reaction suggested that only 
a part, probably less than one half of the urinary protein increment, 
was human albumin The remainder was presumably rat protein In 
jected globulin did not seem to be present in the urine in sufficient quan 
titles to account for all the increase in urinary protein that accompanied 
the injection of globulin The authors believe that the renal enlarge 
ment may have been caused in part bj the injected protein molecules 
per se, perhaps by effects on the tubules of increased filtration of pro 
tern, rather than entirely by products of protein degradation 

Since the mtrapentoneal injection of casein hydrolysate does not pro 
duce renal enlargement, whereas casern administered in the diet does, 
it appears that the enlargement observed by Baxter and Cotzias is not 
related to protein metabolism, as m the case of a high protein diet 
generally 

The authors conclude that prolonged continuous proteinuria under 
the conditions of their experiments, and of the degree obtained by them, 
does not lead to a persistent increase in glomerular permeability or to 
any form of chronic or progressive renal injury In the anomalous in¬ 
stances where tubular injury did occur (gelatin), the renal lesions re¬ 
sembled those seen in nephrotic kidneys The similarity between these 
lesions and those frequently seen in disease raises again the question 
whether some of the changes in the renal tubules frequently associated 
with intense proteinuria are secondary alterations resulting from exces 
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sue amounts of protein passing through the glomerular membranes 
(ch xxvi) 

The proximal tubules m patients dying shortly after the administra¬ 
tion of gelatin solutions as a plasma substitute show granular, fine!) 
vacuolated swelling similar to the hjdropic changes which have been 
reported after large doses of sucrose. These changes appear to be specifi 
call) related to the gelatin, they appear within half an hour after the 
intravenous administration of this substance and disappear within 120 
hr Pectin produces similar changes with pathologic implication 
The parenteral administration of all foreign proteins, no matter how 
apparently inert, is not without danger of renal injury, espeaall) if re¬ 
nal function is impaired, as it is apt to be under the circumstances where 
such proteins are IikeU to be used 

COMPENSATORY HYPERTROPHY 

It has long been known that atrophv of one kidney associated with uni¬ 
lateral renal disease is accompanied by hypertrophy of the contralateral 
organ This hypertrophy can be accomplished experimental!) b) re 
mo\al of one kidne) (unmephrectom)) or b> unmephrectomy plus re 
mo\ al of some fraction of the remaining kidne) or various fractions of 
both kidneys (subtotal nephrectomy) Unmephrectorm in man, m the 
absence of disease on the contralateral side, is compatible with a normal 
lifespan »“*«*• 

The increase in renal mass is attributable to hypertrophy and hyper¬ 
plasia of the tubules, with swelling but no increase in number of glo¬ 
meruli H- 13 **-”’ 1 Unmephrectom) during adult life in the white rat does 
not pre\ ent the decrease in the total number of glomeruli that accom¬ 
panies senescence ,r4 

When experimental animals are maintained on a standard diet of 
moderate protein content, the remaining kidne) after unmephrectomy 
usuall) increases to about 75 per cent of the initial weight of the two 
organs ! * Addis’ M data indicate that in the rat the increase in tissue, as 
judged by protein content, amounts to 50 per cent of the quantity of 
tissue lost, regardless of the latter figure. The hypertrophic process is 
independent of the nerve suppl) , ,r7 and Morpurgo ,r * states that double 
nephrectomy m one of a pair of parabiotic rats caused hypertrophy of 
both kidne) s in the other No data are gisen, howeser 

Rollason 119 concludes that hypertroph) following unmephrectom) 
begins in rats immediately after recovers from the shock of operation, 
maximal hypertrophy being reached within 20 da> s Both cortex and 
medulla increase in size, the latter to a lesser extent. The tubules be 
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come enlarged within 24 hr as a result of cellular hypertrophy, and on 
the second day increased mitosis reveals significant hyperplasia in all 
parts of the tubule other than the thin segment The glomeruli become 
enlarged in this species and m rabbits, 1788 primarily because of an in 
crease in the size of the cells of the capsule and capillary tuft Contrary 
to older views, he finds no evidence of an initial transient period of 
pseudohypertrophy (edema) Rollason believed that increased mitotic 
activity in the tubules is almost entirely restricted to the second day 
after operation, but Sulkin 20,3 states that the peak of mitotic activity 
occurs between 72 and 240 hr after operation 
Hypertrophy is greater in young than in old animals w^hoihq j t ls 
accelerated by a high protein diet and the ultimate increase in mass of 
renal tissue is greater 14 1,18 Whole meat, extracted meat, whole 

liver, and extracted liver are about equally efficacious in promoting hy¬ 
pertrophy 847 848 In rats fed a standard diet (18 per cent casern ), the re 
maining kidney statistically increases in weight by about 24 per cent 
within the first 3 weeks after uninephrectomy From the 21st to the 
120th day there is a further steady increase at a slower rate, to the max 
imal increase of 48 per cent On a high protein diet (85 per cent casein) 
this hypertrophy is greatly accelerated and accentuated, the increase at 
the end of 3 weeks being about 60 per cent, a maximal increase of some 
120 per cent being reached in 4 months These figures are relative to 
standard diet kidney weights and therefore include the sum of hyper 
trophy due to the increased protein intake plus the compensatory hy¬ 
pertrophy The degree of hypertrophy is roughly proportional to the 
protein content of the diet Pathological changes are reported to be as 
sociated with the accentuated hypertrophy effected by a high protein 
diet 1457 1818 

In subtotally nephrectomtzed rats raised on a moderate to high protein 
diet, the hypertrophy is most marked in the proximal tubule, this seg 
ment increasing in volume 5 to 10-fold, although the total kidney mass 
increases to only somewhat more than one half that of the normal bi 
lateral figure ,4 - l55 ° 

Bollman and Mann 208 believe that hypertrophy of the remaining kid 
ney after nephrectomy is increased by the accumulation of urinary prod 
ucts in the blood following transplantation of the ureter so that the 
urine drams into the duodenum, but no control data are given 

Hinman 1010 states that, after partial nephrectomy on one side, both 
the untouched kidney and the fragment undergo hypertrophy, the in¬ 
crement being in proportion to their mass 

Compensatory hypertrophy does not occur after total hypophysec- 
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tomy, the anterior pituitar) gland being necessary {tide supra) Thv 
roidectom) retards the growth of the kidneys, but it does not prevent 
compensator) h)pertrophy of one kidney after uninephrectomy 

-’59 Castration is also without effect 1M# Testosterone propionate 
accelerates compensatory hvpertroph) in umnephrectomized rats and 

dogs »'“■»*« 

Maluf ir7 reports that nephro-omentopex) reduces rather than in 
creases function in the operated kidne>, and it fails to prevent atroph) 
after subsequent division of the renal artery After this operation, func¬ 
tion in the contralateral kidney increases rapidly, maximal function be 
mg attained in about 2 months 

Water diuresis in rats from which one and one half kidne>s have been 
removed is at first greatl) diminished but, within 4 weeks after opera 
tion, diuresis (as per cent of bod) weight per hour) recovers to about 
two-thirds of the control values Forced water diuresis does not modif) 
the normal weight of the kidney, the extent of hypertroph), or the 
water content 

Using the venous sound method, Lev) and Blalock 1331 found that 
umnephrectomy in dogs was followed by a slowly progressive increase 
in renal blood flow, somewhat more rapid in the first month, and reach 
mg approximated the combined flow of the two kidneys at the end of 
3 months 

Although earlier data on the urea clearance 33 - , ° 9 ' 1703 are somewhat 
ambiguous with respect to increase in function, it is clear from these 
and other measurements that the ultimate increase in function is pro¬ 
portional to the increase in weight The urea clearance ultimatel) in 
creases after umnephrectomy to above 80 per cent of the two-kidne) 
value in the rabbit 13 and dog ,0?, ,7W 

In one umnephrectomized rabbit, \\ \\ Smith ,MT obtained a filtra 
tion rate of 65 cc/mm and a diodrast clearance of 232 cc/100 gm kid 
ney weight, figures to be compared with her average normal values of 
66 6 and 250 The single kidne) weighed 153 gm as compared with a 
mean weight of two kidneys in 5 other animals of similar size of 18 6 
gm Thus, both function and size were about 80 per cent of norma I 

Moustgaard 1453 has shown that, 16 to 18 hr after umnephrcctom), 
renal function is at a level of 20 to 40 per cent of the original bilateral 
function, as judged b) the inultn and hippuran clearances During the 
next few da)s, function increases again to the preoperative value, after 
which it decreases a second time until after 2 to 4 weeks it reaches a 
stead) level of 65 to 75 per cent of the preoperative value 

In the first phase of postoperative recover), feeding protein does not 
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cause the typical increase in filtration rate and renal plasma flow, these 
functions already being maximal, but, as function decreases thereafter, 
protein again causes increased function, the maximal level attained af 
ter protein feeding increasing until some 3 weeks after nephrectomy 
when it levels off at about 65 to 70 per cent of the preoperative maxi 
mal postprandial capacitj of the t«o kidneys Tests carried out II to 
16 months after uninephrectomy showed that both basal and maximal 
function had increased slightly, to a level of 72 to 82 per cent and 78 
to 85 per cent, respectively, of the preoperative values 
Braun Menendez and Chiodi 248 report that unmephrectomy in the 
rat reduces the mulin clearance and Tmo during the first 20 days to 
60 to 70 per cent of normal, these functions increasing to 80 per cent 
of normal after 3 months Watschinger and Werner, 2181 however, report 
that after uninephrectomy the inulin clearance is reduced to half its 
normal value (from o 58 to o 28 cc/100 gm body weight) and remains( ? ) 
low (o 23 cc ) up to the fiftieth day The diodrast clearance by the fourth 
day was restored nearly to normal (normal 1 89, operated 1 75 cc/100 
gm ), as was Tmo (normal o 117, operated o 123) Thus, the filtration 
fraction decreased from o 30 to o 16 and the CiN/Tmp ratio from 4 8 
to 2 3 Tq (measured at plasma glucose concentrations of 267 to 326 
mg/100 cc ) decreased from 1 05 to o 76 mg/100 gm , but at the reduced 
filtration rate Tmo was probably not reached These changes in dio 
drast clearance and Tmc appear to have been completed by the fourth 
day after operation but one may wonder if the number of observations 
is sufficient to establish this point It is of particular interest that the 
average inulin U/P ratio in spontaneous urines decreased from r3 4 to 
8 35, the urine volume in the normal and operated animals showing no 
significant difference 

Weiss and Chasis 2159 examined a patient with unilateral chronic 
atrophic pyelonephritis of the left kidney before and after removal of 
that organ The right kidney was already slightly hypertrophic, as a re 
suit, no doubt, of atrophy of the pyelonephntic left kidney, functional 
data in the right kidney before nephrectomy were Cm = 84 and Cp = 
386 cc , Tmo = 45 4 mg of iodine Cp/TniD — 8 5, Cji/Tmo — 1 85, 
Cm/Ce = 0218 The left kidney had very little function Cm = 17 
and Cd = 56 cc, Tmo = 30 mg of iodine, Cp/Tmo — 18 7, Cm/Titid 
= 5 67, Cm/Cd = 0304 Two and a half months after removal of the 
left kidney, the renal plasma flow had increased in the right kidney, 
the function of which was now almost equivalent to two normal kidneys 
C M — 96 and C D «=» 593 cc, Tmp — 48 4> Co/Tmo = 123, C M /Tmp 
= 1 98, C m /Cd = o 162 
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Welsh, Wellen, Taj lor, and Rosenthalreport functional studies 
on 2 women in whom one hidne} was removed, in one instance for per 
sistent bleeding and in the other for adenocarcinoma No observations 
were made before umnephrectomy, and in the absence of control data 
the only change confident!) indicated is a slow me in Tmo from 23 to 
34 mg of iodine within a >ear after removal of the functioning hidne) 
in the first patient, with a corresponding decrease in the Cis/Tmo ratio 

Fnedman, Selzer, Kreutzmann, and Sampson 715 examined 5 patients 
with essential hypertension and unilateral renal disease The total dio- 
drast clearance was reduced in 4 out of 5 of these patients and in 3 ex 
amined b> ureteral catheterization it was lower in the affected kidney 
than in the normal one The total inulin clearance was subnormal in 2 
and normal in 3 patients The removal of the diseased hidnev was ac 
companied by an increase in renal blood flow and filtration rate in all 
5 patients, indicating that the remaining hidne) had increased consid 
erably m function 

Indications of increased filtration rate and Thid are reported b) Lat- 
timer U1 ‘ in dogs with solitary hidneys treated with testosterone pro¬ 
pionate Two men who were treated during the period of compensator) 
hypertrophy (9 to 23 days postoperatively) after uninephrectom) 
showed some increase in filtration rate (u and 28 per cent), and I 
showed a 39 per cent increase in Titip, the second only a 3 8 per cent 
increase in this function Another postnephrectomy patient, in whom 
treatment was started on the twentieth postoperative day, showed a 7 
per cent increase in filtration rate and a 22 per cent increase in TmD 
These changes, of course, mav have only reflected the process of hyper 
trophy 

Hogeman 10:4 reviews the literature and gives data on 19 persons, 14 
of whom had undergone nephrectomy 14 days to 23 years before study, 
and 5 had only one functioning hidney as judged by urography The 
average inulin clearance was 77 cc, diodrast clearance 290 cc, filtra 
tion fraction o 274, and renal plasma flow 520 cc The data on inulin 
clearance alone indicate a significantly greater function in those oper 
ated on before rather than after the age of 30 y ears These figures indi 
cate a more moderate increase in function than do other data, but the 
statistical basis of comparison m subjects of widely different ages and 
with the potentiality of renal disease renders the comparison uncertain 

HEMIHYPERTROPHY 

In a patient reported by Moore ,CI with hemihypertrophv (relative en 
largement of the ncht hidnev, right adrenal, nght testicle, right lobe 
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of the thyroid, right cerebral hemisphere, and right half of the spinal 
cord), the right kidney weighed 195 gm and contained 17,563 glo 
meruli/gm , the left weighed 150 gm and contained 15,824 glomeruli/ 
gm The estimated total number of glomeruli in the right kidney was 
906,251, in the left, 846,109 The enlargement of the right kidney had 
no significant effect upon the total number of glomeruli in the two 
kidneys 

OXYGEN CONSUMPTION 

Van Slyke, Rhoads, Hiller, and Alving* 098 reported the first simulta¬ 
neous determinations of oxygen and urea extraction by the kidney in 
normal, unanesthetized dogs, using the explanted kidney technique of 
Rhoads, 170 '’ by which blood from the renal vein could be obtained by 
needle puncture through the skin The renal blood flow was calculated 
from the urea extraction ratio and clearance These authors review the 
extensive literature on the oxygen consumption of the dog’s kidney as 
determined in anesthetized, operated animals 

The average renal blood flow in 11 experiments on 8 dogs with both 
kidneys explanted averaged 4 o cc/min per gm of kidney (range 1 9 
to 7 4) In 13 experiments on 8 dogs from which one kidney had been 
removed at least one week previously, this figure was 6 7 cc/min per 
gm of kidney (range 2 5 to 107) The oxygen consumption in the two- 
kidney dogs averaged o 08 cc/min per gm of kidney (range o 03 to 
o 14), m the uninephrectomized dogs this figure was o 15 cc (004 to 
o 29) Thus removal of one kidney caused the blood flow to increase by 
nearly 70 per cent in the remaining kidney, while the oxygen consump¬ 
tion was nearly doubled when examined within a week or so after ne 
phrectomy In neither group of animals did diuresis correlate with renal 
blood flow or oxygen consumption, nor were these values affected by 
the administration of urea 

The oxygen consumption correlated positively with renal blood flow, 
so that in general as the latter decreased the oxygen arterial venous 
difference tended to remain constant at 2 5 cc/100 cc of blood The 
authors note that the renal venous blood in the dog is usually more 
than 85 per cent oxygenated, indicating that the kidney is kept under 
higher oxygen tension than are most other organs 

Using the figures cited in chapter xvii and assuming a hematocrit of 
045, the clearance method indicates a renal blood flow of 3 7 cc/min 
per gm of kidney, a figure which compares satisfactorily with the figure 
of 4 o cc reported by Van Slyke et al 

In the studies above, the urea clearance roughlj paralleled the renal 
blood flow, E u remaining generally independent of blood flow E u was 
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demonstrated to tv* independent of plasma concentration This rela 
tion'hip also obtains when the renal blood flow is increased by a high 
protein diet * sw 

The relatne constancy of the oxy sen artenal venous difference (or 
alternatively of the extraction ratio), with consequent proportionality 
between oxygen consumption and renal blood flow, obtains in the dog 
during the renal ischemia attending shock until the blood flow falls be 
low 1 cc/min per gm U1 

Mason, Blalock, and Ham«on, ,u ‘ using the venous sound method, 
obtained an average renal blood flow of 21 1 cc/min per kg body 
weight (range 160 to 29 8), a figure to be compared with 193 cc. ob¬ 
tained bj Van Sly ke et al After uninephrectomy, the renal blood flow 
in the remaining kidney increased by about 70 per cent, the oxvgen con 
sumption increasing proportionally and the oxygen artenal venous dif 
ference remaining essentially constant 531 The average oxvgen consump¬ 
tion in two-kidney docs was 21 2 cc/min per kg of body weight (50 
cc/min per kidney) 

In dogs rendered hyp-rtensn e by constriction of the renal arteries, 
the oxygen consumption parallels the renal blood flow, the oxv gen 
artenal venous difference remaining practically unchanged Levy* Light, 
and Blalock 1:0 estimate that in their control data the renal blood flow 
a\ erased 3 5 cc/min per gm of kidney, after application of the artenal 
clamps this figure was 2 7 cc. Levy et al ,=n report that partial ureteral 
occlusion reduced the renal blood flow by an average of 41 per cent, 
without an increase in oxygen artenal venous difference 

Kramer and Hinton UM studied the changes in oxygen consumption 
associated with acute changes in renal blood flow and other variables 
m the perfused dog kidney In this preparanon, as in the intact animal, 
the oxygen consumption paralleled the blood flow, and was only Iran 
siently modified by urea diuresis 

Weiss, Parker, and Robb obtained renal venous blood by veno- 
puncture m 3. normal subjects, and found an oxvgen arrenaJ-v cnou> 
difference of 1 3 to 3 cc/100 cc In a patient in the malignant phase of 
essential hypertension (nephrosclerosis), the oxygen artenal venous dif 
ference was zero 

Warren, Brannon, and Merrill* m report a renal oxygen artenal 
venous difference of 2 3 cc/ico cc. (1 9 to 2 6) in 8 normal subjects ex 
amined by renal vein catheterization The simultaneous systemic oxv 
gen artenal venous difference was 4.4. cc/loo cc. (3 7 to 6 1) 

Cargill and Hicham,** in jo normal subjects, found an ai erage oxy 
gen artenal venous difference of 1.42 o 25 cc/ico cc (ranee j 09 to 
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I 87) the total renal blood flow averaged 1155 ± 229 cc/min (range 
835 to 1456), and the oxygen consumption averaged 16 o =fc 2 9 cc/min 
(range 12 to 20 8), or about o 05 cc/min per gm of kidney by estimated 
weight They note that the normal renal oxygen arterial venous differ 
ence of 1 42 cc/100 cc is notably small in comparison with accepted 
figures for mixed venous blood (4 cc/100 cc or more) and smaller than 
the recorded figures in the dog The oxygen requirements of the kidney, 
which are relatively high per gm of tissue, are met by the large renal 
blood flow 

Clark and Barker 385 find that water diuresis, mannitol diuresis, and 
saturation of the tubules with PAH have no effect on renal oxygen con 
sumption in normal subjects Their normal average value, based on es¬ 
timated kidney weights, is 6 1 ± 2 27 cc/100 gm kidney weight Bucht, 
Werko, and Josephson 289 also find that saturation of the tubules with 
PAH does not increase the oxygen consumption Their data on renal 
oxjgen consumption range from 7 to 13 2 cc/mtn, the oxygen arterial 
venous difference from o 85 to 1 90 cc/100 cc of blood 

In 6 patients, studied by Cargill and Hickam, with essential hyper 
tension in whom the filtration rate was above 100 cc, the oxygen ar 
tenal venous difference averaged 1 30 cc/100 cc (range o 82 to I 51), 
the total renal blood flow 1008 cc (range 701 to 1237), the renal oxygen 
consumption averaged 132 cc/min (range 7 7 to 224) In 5 subjects 
with renal damage from hypertensive disease (nephrosclerosis) and fil 
tration rates below 100 cc, these figures were 1 77 cc/100 cc, 487 cc 
and 8 1 cc As destruction of renal parenchyma proceeds, renal blood 
flow and oxygen consumption decrease without any marked increase in 
oxygen utilization 

In 6 patients with chronic nephritis or pyelonephritis, in whom the 
filtration rates ranged from 56 to 19 cc , these figures were 1 68 ± o 20 
cc/100 cc (1 30 to 1 90), 353 ± 176 cc (168 to 638), and 6 I ± 3 3 cc 
(2 7 to 11 7) Here again, blood flow and oxygen consumption decrease 
in a parallel manner with no increase in oxygen utilization 

In marked contrast to the groups above, in 9 patients with acute 
or subacute glomerulonephritis who showed low (corrected) filtration 
fractions (mean on ± 003, range 008 to o 16), the renal oxygen con 
sumption was reduced to the average of 7 3 ± 2 5 cc/min (range o 9 
to 136) The oxygen arterial venous difference averaged 071 ±045 
cc/100 cc (range o 09 to 1 07), despite the fact that the renal blood flow 
remained normal or nearly so (average 1062 ± 179 cc, range 816 to 
1362) This circumstance reflects either inability of the renal paren 
chyma to get oxygen out of the blood or a decreased metabolic demand 
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Cargill and Hickam lean to the latter explanation and note that, con 
sidenng all subjects examined by them, normal, hypertensive, nephro- 
sclerotic, chrome and acute!) nephritic, the renal oxygen consumption 
correlates with the filtration rate, impijing that the load of material 
cHivered to the renal tubules (for reabsorption) is the primary determi 
nant of tubular metabolic activity In this connection they quote Brad 
ley and Halpenn s 140 demonstration that oxygen consumption decreases 
with decreased filtration rate (and renal blood flow) during the ischemia 
induced b) abdominal compression, and note that these authors sug 
gested the possibilit) that renal oxjgen consumption depends upon the 
relame proportion of tubular tissue activelj functioning in the forma 
tion of urme from the glomerular filtrate There are, as Cargill and 
Hicham recognize, alternative explanations, and this interesting idea 
must await substantiation No data are available to indicate to wh3t 
extent oxjgen consumption might correlate with actne tubular tissue, 
as measured b> Tmpxn or Tmc 

During abdominal compression, the renal blood flow, filtration rate, 
and Tmo and Tihg are substantially reduced in man, 19 apparently be 
cause the simultaneous delation of renal venous pressure and intrapel 
vie pressure acr respectively to decrease blood flow and arrest urine ex 
cretion from nephrons which have relatively low terminal intraluminal 
pressures Thus a large proportion of the renal parench>ma drops out 
of function Under these conditions, the renal oxvgen consumption drops 
from the control range of 6 to 14 2 cc/mm (average 103) to 1 1 to 93 
cc/min (average 51) The oxjgen arterial venous difference is not sig 
nificantl) changed, so that oxygen consumption goes down roughly in 
proportion to the blood flow 

The intravenous injection of large doses of concentrated human plasma 
albumin is hnown to produce a transient but marked increase in renal 
blood flow (ch mv ) Barker, Clark, Croslej, and Cummins 17 find that 
this hyperemia is accompanied by a decrease m renal arterial venous 
oxjgen difference, so that the renal oxjgen consumption remains un 
changed In this instance, a simultaneous decrease in Epak indicates 
that arterial venous shunts are opened, which permit direct transit to 
additional blood over and above that normally perfusing the renal pa 
renchjma, in this interpretation, a decrease in oxygen arterial venous 
difference and renal oxjgen consumption would be expected The tern 
poral relations between oxygen consumption and Epah are roughly 
such as to support this view These investigators confirm that in a va 
netj of circumstances the oxjgen consumption vanes directlj with the 
renal blood flow, though the proportionality is not exact 
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GLOMERULAR TUBULAR BALANCE 

Since the individual tubule is fixed in size and, judging from the kidney 
as a whole, limited both in its reabsorptive and excretory capacities, it 
is a fair assumption that the quantity of filtrate delivered internally 
and the quantity of blood delivered externally per unit time are some 
how conditioned relative to this fact Moreover, in so far as the peri 
tubular blood in the mammals is derived from the postglomerular ar 
tenoles, tubular perfusion is dependent on continuing glomerular cir 
culation The problem of glomerular tubular balance therefore contains 
many important issues, ranging from the quantity of filtrate delivered 
to each nephron in relation to the reabsorptive capacity of the nephron 
for specific substances (sodium, water, glucose, vitamin C, etc), or the 
quantity of perfusate to each portion of the tubule in relation to its ex 
cretory capacity, to the questions of glomerular intermittency and the 
basic regulation of the renal circulation as a whole 

The supposition that the glomeruli in the mammalian kidnev are inter¬ 
mittently active has been expressed repeatedly, with no supportive evi 
dence The idea stems from the observation of Richards and Schmidt 17,5 
in 1924 that only in some of the glomeruli of the frog, or in some of the 
capillaries in individual glomeruli, is the circulation active at any one 
moment, an observation which has been confirmed in other cold blooded 
animals In these cold blooded forms the glomerular circulation can be 
increased by water diuresis and various drugs, notably caffeine, and de 
creased by splanchnic stimulation 158152 s93 - 1709 7155 In the frog, 674 the 
alligator (Shannon, unpubl obs ), and the marine teleost fishes 388 the 
rate of glomerular filtration is more or less proportional to the rate of 
urine formation, the inulin U/P ratio varying through only a narrow 
range In the chicken, 1628 1855 however, and in most mammals studied 
this is not true (dog, 1850 cat, 2,49 rat, 613,1114 sheep, 1851 and man 383 ) White ,|9 ’ 
concluded from injection experiments in the dog and rabbit that, where 
all the glomeruli are not injected, the unequal distribution is attributable 
primarily to differences in the patency of the larger, preglomerular ves 
sels, rather than to inactivity of individual glomeruli, and that under 
normal conditions all the glomerular vessels are open 
A priori it could be argued that the well developed renal portal cir 
culation to the tubules, which characterizes the kidney in the fishes. 
Amphibia, reptiles, and birds, would, by sustaining tubular perfusion, 
favor intermittent glomerular activity, whereas the complete absence 
of such a renal portal circulation in the mammals would militate against 
intermittent activity The first part of the argument may be true, but 
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the second part is not certain, in the marine seal, an animal entire!) de 
pendent upon its metabolic water for urine formation, both glomerular 
filtration and renal blood flow decrease during diving and increase marl 
edl> after the ingestion of food, these responses are, howe\er, clearly 
adapted to an aquatic and salt water life 733 m 

If one accepts the observations of Kaplan and Smith, 1 ® 44 Dicker and 
Heller,*” Wilkinson and McCance,"' and Torster,* 75 in the rabbit, glo¬ 
merular actmty increases or decreases with hydration or dehydration , 
if one accepts the observations of W W Smith, 1 ”** 1417 Brod and Sir¬ 
ota, 1 * 5 and Wills and Main,” 17 this relationship is a methodological arti¬ 
fact Apart from the rabbit, the evidence is against glomerular intermit 
tenc) in the mammals 

Smith, Goldring , Chasis, Ranges, and Bradley 1S,U4M dei eloped the 
glucose titration curve as a method of examining the variability of the 
ratio c,n/tm in the human kidney, where c m is the filtration rite in an 
individual glomerulus and tm is the maximal glucose reabsorptive ca¬ 
pacity in the attached nephron As premises they accepted (a) that 
every tubule reabsorbs all the glucose presented to it b> its glomerulus 
until the load is exactl) equal to its maximal reabsorptive capacity, 
when the load exceeds this capacity, the excess glucose is excreted in 
the urine, (b) the status of individual nephrons remains unchanged dur 
ing the period required for the completion of titration Premise (a) ex 
dudes significant splaj in the titration curve of an individual nephron 
The method has not been developed further, in part because it seems 
unwise to extend either premise too far in respect to the diseased kid 
ne>, and glucose for technical reasons is not a suitable substance for 
this purpose But the conclusions drawn b> these investigators from 
their titration studies on normal subjects appear to be warranted The 
data (see fig 18) show that no appreciable number of nephrons have a 
glomerular activity (defined as c m /tm) below 060 or above I 5 times 
the mean glomerular activity (Ci«,/TmG) for the entire kidneys, glo¬ 
merular activity is distributed about the mean in a manner rough!) 
conforming with a normal frequency distribution curve, the dispersion 
of which is such that 95 per cent of the nephrons fall within ±40 per 
cent of the mean There is no large number of nephrons (1 e the frac 
tion is no greater than 5 per cent ) m which glomerular activity is less 
than 60 per cent of the mean Hence the notion of ‘glomerular reserve' 
posited on the assumption of glomerular mtermtttency is untenable 

The conclusion reached by the glucose titration method is confirmed 
b> the fact that Tina is not significant) modified by adrenalin, caffeine, 
or pjrexial hyperemia, all of which profound!) modifj the renal blood 
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Figure 88 Normal dispersion of tubular perfusion Mass plot of diodrast titra 
tions of 7 normal subjects, some of whom were titrated twice The mass plot 
contains 70 observations which were averaged by blocks of A load/Tm = 01 
The averaged data are shown in the inset, the smooth titration curve being 
drawn by visual approximation The limits of relative tubular perfusion are 
conformably placed at o 66 and 1 66 The lower figure cannot be set with accu 
racy, chiefly because of the error inherent in assuming that the total volume of 
Plasma perfusing the tubules (\ 0) remains constant during the titration process 
The upper limit is taken as an extrapolation of the smooth titration curve, and 
is probably maximal The uncertainty attached to the limits of the titration 
Curve, and hence of the distnbut on curve, involves only a small percentage of 
the total tubular tissue 

As m the esse of figure 18, the frequency distribution curve is practically 
identical with the normal frequency distribution curve The same qualifications 
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flow That similar uniformity of glomerular activity exists in the dog is 
demonstrated by the extremely narrow range of plasma concentration 
m which tubular saturation with respect to glucose is effected, and by 
the constancy of Tmc at v anous filtration rates effected bj low and high 
protein diets, 180 as well as by the narrow range of plasma phosphate 
concentration at which tubular saturation is effected and the fact that 
phosphate Tm is independent of the absolute value of the filtration 
rate ** 

Application to man of the titration principle with diodrast yields Sim 
liar results no appreciable quantitj of tubular tissue has a perfusion 
rate (vo/tm) below o 66 or above 1 66 times the mean tubular perfusion 
(Vo/TmD) for the entire kidneys, the relative perfusion rate is distrib¬ 
uted about the mean in a manner roughly conforming with a normal 
frequency distribution curve, the dispersion of which is such that 95 
per cent of the tubular tissue is perfused at a rate within ±40 per cent 
of the mean (fig 88) 

On the basis of these data, it must be accepted that glomerular ac 
tmty, defined relative to tubular activity in the attached nephron, is 
remarkably uniform in dog and man, and that changes in renal blood 
flow and filtration rate are the result of a fairly uniform increase or de 
crease in activity in all glomeruli There is, therefore, no wamnt for 
speaking of glomerular reserve in the sense of inactive glomeruli or 
tubules 

Handley, Sigafoos, and La Forge *” report that when the filtration 
rate is increased in dogs by the infusion of large quantities (amount not 
stated) of isotonic saline, Tmp A H and Tmc ma> be substantially in 
creased The Cp/Tmc ratio remained constant in the one dog examined 
Converse!), when dogs were deh)drated b> the infusion of 20 per cent 
glucose solution with or without the use of mercurhydnn, Trrtpxn and 
Tmc were reduced, the ratio C F /Tmo remaining constant m most ex 
pcriments Tubular function was not altered at the peak of diuresis (1 
hr ) but on!) after the unne output began to decline and sufficient water 

must be applied to the massing of data obtained from different individuals as 
in the case of glucose titration Accepting the curve as drawn, it mav be sa d 
that relative tubular perfusion in the norma! kidne) is distributed about the 
mean in a manner rougblv conforming with a normal frequenc) distribution 
curve, the dispersion of which is such that 95 per cent of the observations fa 1 ! 
within ±40 per cent of the mean (In some individuals, such as H S and T F, 
whose titration curve is sharpl) angular, the dispersion is very narrow, while 
a few periods only on 1 N are responsible for much of the skew to the right) 
(Smith, Goldnng, Chasis, Ranges, and Bradlej 
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had been excreted to produce moderate dehydration The depressive 
effects increased with time as dehydration proceeded The authors con- 
dude that the changes in T/npxfr 2nd Tma represent changes in glo¬ 
merular activity such as may be involved in the maintenance of fluid 
balance In the face of the evidence cited above, this interpretation 
cannot be accepted Mudge and Taggart 1490 report no change in Titig 
m dogs after the infusion of saline, while the reduction in function dur 
ing dehydration can scarcely be interpreted as physiological in view of 
the extreme degree of dehydration used in the experiments above Modi 
flcation of endocrine activity and of cellular activity by dehydration of 
the tubules are, moreover, not excluded 

ANOXIALOUS EXTRACTION RATIOS 

Van Slyke, Rhoads, Hiller, and Alving 8098 have reported that the oxy 
gen capacity of renal venous blood when drawn by puncture of the renal 
vein of the explanted dog kidney is generally slightly less than that of 
the simultaneous arterial blood They attributed this to dilution of the 
renal venous blood by water absorbed in transit through the kidney In 
view of the apparent uniformity of filtration and reabsorption of water, 
the explanation must remain suspect on a quantitative basis In some 
observations the difference in oxygen capacity amounted to 1 to 1 5 
cc/100 cc (with a total oxygen capacity of 23 cc/100 cc ), representing 
a dilution of renal venous blood by some 5 to 10 per cent, a discrepancy 
rather too large to be explained by water reabsorption 

Mason, Blalock, and Harrison 1416 also noted that m some expen 
ments the oxygen capacity 0/ renal venous blood was as much as 1 5 
cc/100 cc below the arterial capacity Such differences in oxygen ca¬ 
pacity occurred more frequently when the renal venous sample was ob 
tamed by puncture of the renal vein of dogs with explanted kidneys 
than when the sample was obtained by a venous sound 

Reubi and Futcher 1698 report that m dogs the oxygen capacity, hema 
tocnt, and plasma protein content are higher in renal venous blood than 
in renal arterial blood, a difference which is increased by adrenalin They 
suggest that this loss of fluid from the renal blood may occur through 
the renal lymphatic vessels or other vascular channels by-passing the 
renal vein This difference does not obtain between femoral arterial 
blood (renal arterial blood is not available) and renal venous blood m 
man 

Van Slyke et a/ 1098 also observed that in an occasional sample, the 
extraction ratio of urea might decrease to zero, or the renal venous 
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blood might contain more urea than the arterial blood The phcnome 
non usuallj affected onl> one observation m a senes In such samples, 
however, the oxjgen artenal venous difference remained within normal 
limits The> believed that the phenomenon was due to some reflex mi 
tiated by slight trauma connected with puncture of the renal vein, 
though the) were unable to prevent it b) cocainizing the vein Gordon, 
Alvmg, kretzschmar, and Alpert 8I * similar!) observed occasional con 
centrations of urea m renal venous blood equal to those in artenal blood 
m dogs with explanted hidne) s 

Such anomalous extraction ratios in the case of urea are not so sur 
prising, since the normal extraction ratio is small (o 06) and bach dif 
fusion of urea might concenabl) occur without corresponding loss of 
water or creatinine, though why it should occur in isolated samples of 
blood is not clear 

The phenomenon is less easil) explained with inulin, diodrast, and 
PAH W htte **** reports that, in 1 out of 44 renal venous blood samples 
drawn from dogs with explanted hidne)s, he found a higher concentra 
tion of diodrast and of inulin than in artenal blood On 2 occasions the 
diodrast extraction ratio was zero He notes that, in 5 instances where 
extraction ratios below 040 were obtained, there had been difficultv in 
getting the renal venous sample Apparent addition of diodrast to renal 
venous blood was also noted in a few instances by Corcoran, Smith, 
and Page *'* 

Warren, Brannon, and Merrill 11 * 4 report 1 instance in man where, 
in renal venous blood ( ? ) collected from the renal vein b) catheter, the 
extraction ratio of PAH was zero, with an ox)gen artenal venous dif 
ference of such a size (2.4 cc/100 cc ) as to indicate that the catheter 
had not slipped out of the renal vein In view of the non traumatic 
nature of this technique, this result is more difficult to explain thin low 
extraction ratios of urea in dogs with explanted hidne) s, where com 
pression of the renal veins and possibly of the ureter may be involved 
during puncture through the shin 

Cargill and Hicham r * were unable to confirm m man the observation 
of Van Sl> he tt a/ nn in the dog, that there is a difference in the hemo¬ 
globin content of artenal and renal venous blood In man, 11 compan 
sons of ox) gen capacity of paired, simultaneous samples showed a mean 
difference of o 2 vol/ioo cc , and 71 compansons of paired hemitocrit 
determinations showed a difference of o 1 per cent packed red cell vot 
ume, differences within the limits of technical error Breed and Maxwell 
'pers com ) also find that in paired hematoent determinations m ir 
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terial and renal venous blood in man the maximal difference in packed 
red cell volume is no more than o.i per cent. 

The anomalous extraction ratios reported above might be a conse¬ 
quence of the escape of urine from the renal pelvis into the venous sys¬ 
tem by pyelovenous backflow (ch xxvi), but this explanation is merely 
speculative. They are recorded here for the sake of the record. 



CHAPTER XVI 


Renal Function in Infancy atid'Childhood 


THE FETAL KIDNEY 

In some mammals, such as the white rat, glomerular development 
is incomplete at birth, the kidney in the newborn containing nu¬ 
merous anlagen which continue to undergo differentiation, full 
glomerular development not being reached until the second or 
third month ofhfe. After this time the glomerular count remains 
constant until regression begins with senility, roughly at one year 
of age m this species. ss * 1,! ‘ 

In man, however, glomerular development is normally com¬ 
pleted tn utero. Cessation of the formation of new glomeruli is pri¬ 
marily dependent on the size attained by the fetus, and only sec¬ 
ondarily on the gestational age. Formation of new glomeruli ceases 
ordinarily when the fetus weighs between 2100 and 2500 gm. and 
measures from 46.0 to 48.9 cm. in length. The kidneys of the 
majority of fetuses bom before the beginning of the thirty-fifth 
week (from the first day of the last menstrual period) show the 
presence of incompletely developed glomeruli; in the majority of 
those born after the beginning of the thirty-fifth week, none are 
visible. In premature infants glomerular development continues 
after birth until the potential number of glomeruli has been at¬ 
tained. Potter and Thierstein ,Hl accept the state of glomerular 
development as an index of fetal maturity. 

49* 
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In the adult human kidney, the glomerular capillaries are 
covered with the thinnest of epithelium, so that there is a minimal 
barrier to filtration In fetal life the glomerular loops are matted 
together and invagmated into a sac of tall columnar to cuboidal 
cells,* which persist over the peaks of the capillary loops into post 
natal life 182 880 9,5 Transformation of the cuboidal epithelium to 
the squamous type begins in the juxtamedullary glomeruli and 
progresses toward the cortex, to reach completion within a few 
months to two years after birth This is probably a gradual proc¬ 
ess, there being no evidence of an abrupt transformation at birth 
The presence of this cuboidal epithelium in the visceral layer of 
Bowman’s capsule probably seriously impairs filtration in the 
embryonic kidney and substantially reduces it in the new¬ 
born 444 915 The persistence of embryonic epithelium, together with 
unequal development of the glomeruli and tubules, leads to serious 
glomerular tubular imbalance in young infants and poses per¬ 
plexing problems for the pediatrician 

At term, the tubules of the glomeruli near the capsule are still 
primitive and the loops of Henle are very short The juxtamedul 
lary nephrons are more advanced, but even here the loops of Henle 
are not fully extended When the growth (volume) of individual 
segments of the nephron in the rat is compared to the growth of 
the sum of its parts, it is found that the proximal segment grows 
most rapidly in relation to the whole 1850 This possibly reflects the 
earlier and fuller development of the juxtamedullary region 

In the newborn rat, the cortex has a peripheral neogenic zone of 
undifferentiated tissue which is inactive, if judged b> the storage 
of trypan blue, whereas the proximal tubules deeper in the cortex 
take up this dye in proportion to their age Dye storage does not 
occur in the peripheral neogenic zone until 12 days, but by 28 days 
the peripheral tubules are fully developed The vital storage of 
dye is correlated with the acquisition by the proximal tubule cell 
of brush border 103 Proximal tubule tissue from the chick and hu 
man embryo, the latter from the second or third month of fetal 

* Klein, 1 ** in 1873, recognized that the visceral glomerular membrane m 
mature and immature human fetuses is composed of cuboidal to columnar 
cells, but he did not recognize that this circumstance is unique to the feta! period 
and not applicable to the mature kidney 
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life, when grown in tissue culture, secretes phenol red and, al 
though such tissue possesses a rather remarkable capacity to 
undergo differentiation tn v i/ro,*” S<1 there is little doubt that it is 
capable of function in the fetus 

The mammalian kidney begins to function in the formation of 
urine to a limited extent before birth The fetal bladder contains 
unne b) the fourth month of gestation, this urine being discharged 
in great part into the amniotic fluid, which shows a progressive 
increase in urea and uric acid content, probablj of unnarj origin 
The first rarely exceeds 50 mg/100 cc , possibl) because of its dif 
fusibility , the latter mav accumulate to 40 to 50 mg/100 cc The 
osmotic pressure of the amniotic fluid corresponds to A = o 520 
at 2 5 months, o 515 at 4 5 months, o 482 at 7 5 months, and o 467 
at 10 months (plasma = o S 5 ) *** This decrease in osmotic pres¬ 
sure indicates that it is to some extent osmoticall) isolated from 
both the fetus and mother, and may reflect the accumulation of 
fetal hypotonic unne 

In the fetal rabbit, cat, opossum, chick, and pig, both the 
mesonephros and metanephros function in the glomerular excre¬ 
tion of ferrocjamde and the tubular excretion of phenol red, the 
mesonephros and metanephros may function simultaneous!), so 
that renal excretion is a continuous process uninterrupted b) the 
degeneration of the former 7,6 m Wells and his coworkers m * m 
report that the fetal rat kidnej excretes phenol red and responds 
with mild osmotic (urea) diuresis 16 hr before term ShortI) be 
fore term, the unne was dilute, glucose free, and showed a urea 
U/P ratio of 11 7 and a creatinine U/P ratio of 42 Williamson and 
Hiatt have shown that the kidnej of fetal rabbits in utero , 3 to 
4 da>s before term, excreted onl> traces of phenol red in 1 hr after 
subcutaneous injection W hen calculated as per cent of the test 
dose recovered from the bladder in 1 hr, excretion increased rap- 
ldl) after birth, the rate of increase being about 5 times as great 
as the rate of increase in renal weight, so that at the end of 10 da) s 
of postnatal life d)e excretion had increased 100-fold over the 
prenatal rate, while the weight had increased less than 20-fold 
There was no appreciable transmission of d>e across the placenta! 
barrier in either direction in 1 hr, although Lell and Liber re 
port that 15 to 30 per cent of a test dose of phenol red injected into 
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rabbit fetuses could be recovered in the urine of the mother in 6 
hr. 

Butler (quoted by McCance 1296 ) has shown that inulin passes 
the placental membrane and is present in fetal urine of babies 
born 1 hr. after the injection. Kjellberg and Rudhe, 1127 by in¬ 
jecting diodrast into the human fetus at Caesarian section, have 
shown radiologically that this contrast medium is excreted by the 
fourth to fifth month of intrauterine life. Diodrast was also ab¬ 
sorbed from the placental into the maternal circulation and ex¬ 
creted into the maternal urine. 

The urine of the newborn infant is generally acid and contains 
low concentrations of the normal urinary constituents. 2047 Albumin 
is often present and continues to be excreted in small quantities 
during the first week or so of life. That renal function is not im¬ 
portant to the fetus so long as the placenta functions normally is 
indicated by the fact that fetuses can survive to term without 
kidneys or with obstructed urinary pass ages, 129 18 501914 and it is 
improbable that renal dysfunction in the fetus often results in 
demonstrable disturbances in the infant at the time of birth. 

SURFACE AREA AS A BASIS FOR THE COMPARISON OF RENAL 
FUNCTION IN INFANTS AND ADULTS 

Data on renal function in infancy and childhood are of interest 
not only because they afford information of practical importance 
on glomerular-tubular balance at this stage of development, but 
they are also valuable in interpreting the development of the 
organism from infancy to adulthood. Particularly in the latter 
connection, it is necessary to have an accurate basis of relating 
function in infants with that in adults. 

There is no a prion basis upon which to select anyone standard 
of reference (body weight, body length, basal metabolic rate, sur¬ 
face area, or kidney weight) for comparing individuals of different 
sizes, except that kidney weight would be the most direct. The 
Addis urea excretion ratio varies directly with kidney weight in 
the rabbit, rat, and dog, and with the calculated kidney weight in 
man. 1 ” 1 1,28 But data on kidney weight are rarely available. Kidney 
weight, however, bears a constant relation to body surface area in 
dogs, 2005 rabbits, 2041 and rats; J1,7 - ,m while in man the correlation 
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of kidney weight is better with surface area than with height or 
body weight,* 1 ** the data of Vierordt !n2 and Wald * ,J ‘ indicating 
that this relation is maintained between 5 and 69 years of age. 
Kunkel 1,77 concluded, from studies in several mammals, that the 
number of glomeruli are more closely related to bod) surface area 
than to bod\ weight Ta)lor, Drury, and Addis IM * pointed out 
that the Addis urea ratio (60 mm. clearance) is proportional to 
renal weight, and hence to body surface area, in rabbits, and 
McIntosh, Moller, and Van SI) he 11,1 have shown that, after the 
age of I to 2 years, the urea clearance is proportional to sur¬ 
face area in children and has the same magnitude as in the 
adult, an observation which has been confirmed by Schoenthal, 
Lurie, and Kelly, 1798 Payne and Shuhry,**” and Cullen, Nelson, 
and Holmes, 4 * 9 Cullen et al. reporting that the distribution and 
mean value of the urea clearance so calculated in 62 children, 5 
to 13 years of age, correspond to those of normal adults. Holten ,w * 
showed that the creatinine clearance in 90 children from 9 months 
to 17 jears of age correlated better with surface area than with 
body weight, and West, Smith, and Chasis 7,75 accepted the sur¬ 
face area basis of comparison Rubin, Bruch, and Rapoport, 17 * 1 
from data on 63 infants and children, decided that the filtration 
rate correlates poorlj with body weight, body height, and cal¬ 
culated metabolic rate, when calculated kidney weight is used, 
there is a gradual increase in filtration per unit of kidney tissue, 
with stable ratios being reached between the fourth and fifth 
months of life, after this age the values more closely parallel the 
adult values than with an) other method of reference; when body 
surface area is used, occasional adult values are reached around 
6 months of age, but the values are not consistently in the adult 
range until about the second >ear. 

Although kidney weight has much to recommend it, reference 
to a standard which not onl) has to be calculated but which itself 
has a large coefficient of \anation (o 18) im would seem to com¬ 
plicate the problem unnecessanl). Absolute values of various 
renal functions among adults of various ages, when expressed on a 
surface area basis, have fairly low coefficients of variation (ch. 
xvn), and this fact, coupled with the considerations stated above, 
leads the WTiter to believe that the surface area basis of com- 
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parison cannot be improved upon at the present time * For the 
calculation of surface area see chapter xvn 

MATURATION OF RENAL FUNCTION IN INFANCY 

Numerous studies are now available on renal function from infancy to 
adolescence The earliest of these, by Schoenthal, Lurie, and Kelly, 1798 
indicated that the urea clearance in 9 normal infants 1 to months 
in age, when corrected to 1 73 sq m of body surface area, agreed with 
the normal values reported by Van Slyke and his coworkers for older 
children and adults However, Barnett 90 found that the mulin clear 
ance corrected for surface area is about 20 to 40 per cent of normal in 
infants 4 to 9 days of age 50 to 90 per cent of normal at 14 days to 7 5 
weeks, and essentially normal in children 6 to 10 years of age The ob 
servation that the filtration rate in infancy is less than normal on a sur 
face area basis has been repeatedly confirmed McCance and Young 1307 
report an average value of 51 cc per I 73 sq m in 3 newborn infants, 
Dean and McCance 485 27 2 (163 to 44 6) in 6 infants 2 to 8 days old, 
Barnett, Hare, McNamara, and Hare 92 - 93 47 8 (34 8 to 65 9) in 13 pre 
mature infants 3 to 21 days old and 67 4 in 9 premature infants 49 to 
107 days old, and Young and McCance 2284 28 8 (95 to 61 8) in 7 full 
term infants 1 to 8 days old who were possibly dehydrated from gastro 
enteritis Average figures are, however, not very meaningful since some 
of the variations are due to differences in water and electrolyte load 
Moreover, it is clear from the data above and those of West, Smith, 
and Chasis 2175 and Rubin, Bruch, and Rapoport 1781 that, beginning at 
birth, the filtration rate f increases steadily throughout the first year 
After this time it maintains essentially normal values wmmm* usi 

RELATION OF URINE FLOW TO FILTRATION RATE 

McCance and Young 1307 2283 2784 believed that the mulin clearance in 
creased with the rate of urine flow (1 e with the degree of hydration),$ 

*This decision is affirmed despite Tanners 10,1 criticism of Houck s 1 ”" data 
on the dog 

t Both groups of investigators used mannitol to measure the filtration rate but 
both used the periodate oxidation method of Smith Finkelste n and Smith ,M * 
for the determination of mannitol and, since in the writer s experience this 
tends to give h gher mannitol/inul n clearance ratios than does the chromotroptc 
ac d method of Corcoran and Page u ‘ no correction has been made for rcab- 
sorption of mannitol West et al used a constant intravenous infus on of manni 
tol and PAH, while Rubin et al infused PAH but used a s ngle injection of 
mannitol 

t A parallel has been drawn between the infant kidney and that of the rab- 
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a conclusion affirmed b> Barnett, Perlej, and McGinnis” from obser 
rations on a newborn infant with extrophy of the bladder, and b> Dean 
and McCance 4 * Dicker and Heller (pers com) report that the filtra 
tion rate increases with urine flow during water diuresis in newborn 
guinea pigs, but not in adult animals However, the studies of Barnett 
et al n,M on premature infants, hjdrated and dehydrated, show a change 
in filtration rate of only 20 per cent between unne flows of o 05 and o 7 
cc/min (to 5 to 70 cc/min per 1 73 sq m ), indicating that there is 
no special lability of the glomerular apparatus in infancy No obvious 
relation between filtration rate and urine flow is apparent m the data 
of West et al nn or Rubm et al , l7SI though these studies were compli 
cated by the diuretic action of mannitol and were not made in deh> 
drated infants In a more recent paper, Dean and McCance 45 * recog 
mze that, because of the osmotic limitations of the infant's kidnej, the 
filtration rate may well determine the unne flow As McCance 15,4 notes, 
more information is needed on effects of dehydration on the filtration 
rate, for, if it is true that glomerular activity is readily reduced by de 
hydration in infancy, this fact would go far to explain the abnormal 
electrolyte pattern often observed in the first weeks of life 

UREA CLEARANCE 

As would be expected from the low filtration rate, the urea clearance in 
the newborn is also below the adult figure when calculated on a surface 
area basis «.«**«**««■ uslioct esj,=s 4 Gordon, Hamson, and McNamara 811 
concluded that the 24 hr urea clearance, which is lower in premature 
than in full term infants shows no relation to unne flow,* and the urea/ 
inuhn clearance ratio did not vary marked!) with unne volume in the 
data of McCance and his coworkers 45J - 1,57 on full term infants, or in 
those of loung, Hallum, and McCance 115 * on premature infants, be 
cause both clearances tended to decrease with urine \olume However, 
the data of Barnett et al ,“ who studied the same infants dunng h)dra 
tion and deh) dration, show that the urea clearance is even more mark 

bit, but the reported decreased filtration rate at low unne flows in the rabbit, 
originally reported bj Kaplan and Smith ,,,a and confirmed b> Wilkinson and 
McCance,** 1 Dicker and Heller," 1 and Forster,*" 1 has been shown b) Brod and 
S rota 1,1 to be in large part a phys ologteal anomal) related ro renal vasocon 
stnction eliated by excitement of the animal {ch xwi) According to Brod 
and Sirota, if rabbits are handled with due respect to their unusual psychic 
sensitivity, the filtration rate proves to be independent of unne flow down to 
very low values of the latter The same may also be true of infants. 

* This may be because diurnal variations in glomerular activ lty nullify the 
effects of d umal variations in water excretion 
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edly dependent on urine flow than in the adult, the urea/inulin clear¬ 
ance ratio decreasing from about 0.85 at an inulin U/P ratio of 10 to 
o 3 or below at an muhn U/P ratio of 90 (fig. 89). Barnett and his co¬ 
workers state that the clearance ratios reported by others conform with 
their data, and conclude that the urea clearance alone is without mean- 
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INULIN U/P RATIO 

Ficure 89 . Urea/inulin clearance ratio in premature infants. In adults this 
ratio has a value of 060 at an mulm U/P ratio of 10 , and about 048 at an 
inulin U/P ratio of 100 . (Barnett, Hare, McNamara, and Hare **) 

ing; it can be interpreted only when the filtration rate is known, for it 
is influenced, as in adults, by the filtration rate, by water reabsorption, 
and by the rate and direction of change of urine flow. However, at 
moderate urine flows (inulin U/P ratio of 10 to 20) the average urea/inu¬ 
lin clearance ratio is about the same (o 5 to 0.6) as in adults.* 5 '* 63 ’ 1593 In 
older children, the urea clearance, like the filtration rate, comes up to 
the adult value. 

West, Smith, and Chasis, 5 ” 5 and Rubin, Bruch, and Rapo- 
port 1751 have discussed the changes in filtration rate, renal plasma 
flow, and Tm PA n. Since it is agreed that by the age of 2 years all 
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functions have generally reached adult values on a body surface 
area basis, data on subjects above this age will not be reviewed 
here. All data available to the writer have been collated in figures 
go, 91, and 92, and the derivative calculations in figure 93. 



Figure 90 Filtration rate in relation to age in premature and full-term infants 
The data are drawn or recalculated from the authors indicated The normal 
adult value is tal.cn from table xii (mixed sexes). 


As Rubin and his coworkers demonstrate, in agreement with the 
studies cited above, whether judged on a basis of kidney weight, 
body height, or surface area, the filtration rate is relatively low' in 
the newborn infant. Their data on infants under 1 month of age 
average 0.20 cc/min. per gm. of calculated kidney weight; al¬ 
ternatively, we may divide the average filtration rate of 6.0 cc., as 
indicated by the data of various observers, by Muhlmann’s ,m 
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figure of 23 3 gm for the average kidney weight in the newborn, 
to obtain the ratio o °6 cc/mm per gm of kidney In the adult, 
this ratio may be taken as o 46 cc/min (ch xvu) Alternatively, 
on a surface area basis, the average filtration rate in the newborn 



Figure 91 Renal plasma flow in relation to age in premature and full term 
infants Symbols as in figure 90 


may be taken as no more than 5° cc/min per 1 73 S£ i m (some 
observations are as low as 3 cc 4 ® s )> which is to be compared with 
the adult figure of 127 cc As noted above, the filtration rate in 
creases to reach the adult value on a surface area basis generally 
by the end of the first year, and almost invariably before the end 
of the second year (fig 90) 

Dean and McCance 4 “ obtained an average diodrast clearance 
of 66 (25 2 to 124 7) cc/mm per 1 73 sq m in 7 infants 2 to 8 da>s 
old Barnett et al n report an average PAH clearance of I48 5 cc 
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in 8 premature infants 3 to 13 days old; in 9 premature infants 49 
to 107 days old this figure was 200 cc. Similar low values for the 
PAH clearance in infancy are shown in the data of West et at. and 
Rubin el al. (fig. 91). As in the case of the filtration rate, the PAH 



(or diodrast) clearance increases to reach its adult value in many 
infants by 1 > ear of age, and in nearly all by the age of a. 

Tudvad and Vesterdal,* 0 ” in a preliminary’ abstract, report that 
during the first dajs of life the inulrn clearance ranged from 12 to 
14 cc. and the PAH clearance from 50 to 60 cc. per 1.73 sq. m. The 
filtration fraction was high {0.22 to 0.55). This value u as o So to 
0.84 in I Mongolian idiot, indicating a high degree of immaturity 
of the kidney, Galan, Perez-Stable, Martin, and Faez 714 report an 
average diodrast clearance of 695 ±183 cc., with the normal 
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filtration fraction of 0.19, in 3 children 8 to 10 years old; the 
Ci N /Tmo ratio in 2 of these was 3.58 and 2.45, all data within the 
normal range. 

The filtration fraction in Dean and McCance’s m data averaged 
0.427 (0.296 to 0.700); if two exceptions, both 0.70, are excluded, 
this ratio ranged from 0.30 to 0.47 and averaged 0.38. Because of 
this high value, they inferred that diodrast is incompletely re¬ 
moved from the renal blood. In the data of Barnett et al. n the 
filtration fraction averaged 0.34 in premature infants ranging up 
to 107 days old. As shown in figure 93, the filtration fraction, high 
initially, decreases and is generally normal at 1 year of age. 

As with the filtration rate and effective renal plasma flow, 
TmpAH has very low values at birth, but increases rapidly. West 
et al. tm believed that normal values were reached by about 30 
weeks; a wider scatter is present in the data of Rubin et al. mi and, 
while several infants had attained adult values within the first 6 
months, there were some in whom this had not occurred at 7 
years (fig. 92). 

It appears from the relationships above that various aspects of 
renal function are adjusted at an early age, usually under 1 year, 
to the metabolic requirements of the body, using the surface area 
as an approximate index of general metabolism. However, in this 
readjustment glomerular and tubular function develop at different 
rates, as is revealed by the changes in the derivative ratios (fig. 
93). The problem is to relate this differential functional develop¬ 
ment to the anatomical development of the kidney. 

First, we may consider the possible causes of the low filtration 
rate at birth. Excluding back diffusion of inulin or mannitol, this 
low filtration rate might be due to (a) low blood pressure, (b) in¬ 
creased afferent glomerular resistance and resulting low glomerular 
pressure (which would be accompanied by a low blood flow), and 
(c) the impediment to filtration offered by the cuboidal epithelium 
of the fetal-neonatal glomerular membranes. 

The changes in blood pressure that occur at birth and during the 
first year of life are not too well known. The establishment of the 
adult circulation involves the obliteration of the placental circula¬ 
tion and the functional separation of the systemic and pulmonary 
circulation. It would be expected that the latter process would be 



504 kENAL FUNCTION IN INFANCY AND CHILDHOOD 

accompanied b) substantial and rapid increases in s\stemic ar¬ 
terial pressure, but such does not appear to be the case. Observa¬ 
tions on experimental animals throw little light on the situation in 



man for, in the dog and rabbit at least, the ductus arteriosus has 
a valve-like structure which is competent to stop the backflow 
from aorta to ductus, and after the ductus has been functionally 
closed for a while adhesions form and the closures usually become 
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anatomical In the human fetus there are no valve like flaps to 
guard the aortic opening of the ductus, what causes the aortic- 
ductus flow to stop and the ductus to close is an unanswered 
question 897 Whereas closure occurs within a few minutes after 
delivery in most animals, the process is apparently more leisurely 
in man However, an interval longer than 3 hr is rarely required 
for the transformation of the fetal circulation into the adult cir 
culation, as judged by the oxygenation of the arterial blood, and 
it may be much less 18,4 

Citing the data of several investigators, C A Smith 1814 gives 
the pressure in the umbilical artery in infants at the time of pre 
mature birth at 5, 6>£, 7, 8, and 9 months as 33/21, 55/25, 70/35, 
85/45, and 80/46 mm Hg, respectively, 1 e the systemic pressure 
rises toward its postnatal level throughout fetal development 
The umbilical pressure immediately after birth averaged 80/46 
mm Hg in 24 . normal infants studied by Woodbury, Robinow, 
and Hamilton 2272 From these and other data, Smith concludes 
that the systolic pressure increases about 10 mm during the first 
24 hr of life and by another 10 mm between the first and four 
teenth days, with a further increase no greater than 2 5 to 5 mm 
during all the rest of the first year It therefore seems unlikely that 
the continued increase in filtration rate throughout the first year 
or more of life is related to increasing systolic pressure 

Given adequate blood pressure, a low filtration rate per gtn of 
kidney might be attributed to a paucity of glomeruli, but full term 
human infants apparently have all the glomeruli they are ever 
going to develop The rate of filtration in these glomeruli would, 
however, be reduced by either exaggerated afferent arteriolar 
tonus or persistence of fetal glomerular membranes In the first 
case the total renal blood flow would be low, m the second case, 
the total renal blood flow would be low only if the cuboidal vis¬ 
ceral epithelium compressed the capillaries to such an extent as to 
impede perfusion 

The effective renal plasma flow, as measured by the diodrast or 
PAH clearances, is in fact lower at birth, relative to adult values, 
than is the filtration rate, as is shown by the supernormal filtra¬ 
tion fractions recorded by all investigators (fig 93) Nothing is 
known about the extraction ratios of these compounds in the in- 
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fant kidne>, and m the absence of this information we can onl) 
indulge in speculation That the high filtration fraction is at 
tnbutable to a low extraction ratio is indicated (though not firmly 
established) b> inference The infant’s blood pressure is below 
rather than above the adult value, and, even without excessive 



Figure 94 Growth of renal cortex (volume) per glomerulus m the white rat. 
(Recafcufared from HrafaJa u ) 


afferent arteriolar resistance, it maj be surmised that glomerular 
pressure is also low, the persistence of fetal glomerular membranes 
and the fact that the glomerular capillaries are typicall) under 
developed would also decrease rather than increase the filtration 
fraction Thus, with all these circumstances operating to reduce 
the filtration rate per unit of total renal blood flow, it would seem 
that a high filtration fraction could onl) be the result of deficient 
tubular clearance of postglomerular blood The most likely reason 
for deficient tubular clearance would be that some of this blood, 
after leaving the glomeruli, escapes into the venous circulation 
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without being presented to functional proximal tubular tissue 
That such is probably the case is indicated by certain features of 
renogenesis In early fetal life the medulla, at this stage bearing a 
large proportion of collecting tubules, develops ahead of the 
cortex By the fourth fetal month, the renal tubules begin to dif 
ferentiate into a thin descending and a thick ascending limb, the 
long loops extending downward and reaching the papillae by the 
fifth month, thus contributing to the increased depth and thick 
ness of the medulla While the medulla is increasing its transverse 
diameter by ioo per cent, the cortex increases only by 20 to 25 per 
cent * 33 

Development of the cortex proceeds from the juxtamedullary 
regions toward the capsule, with progressive elongation of the 
cortical tubules This tubular development involves a gross re 
adjustment between glomerular and tubular function, which can 
best be illustrated in the white rat, the only species in which de¬ 
tailed data are available From the counts of Kittelson 1126 and 
Arataki,** it appears that the number of fully developed glomeruli 
increases by nearly 3 fold after birth, the maximal number not 
being reached until about 100 days This fact implies that a num 
ber of nascent nephrons in the newborn rat are functionally aglo- 
merular, even as all nephrons are functionally aglomerular in the 
early embryonic period In addition, however, tubular tissue is 
developing even more rapidly than glomeruli Indeed, despite the 
presence of incompletelj differentiated glomerular anlagen in the 
newborn animal, the extent of tubular development is so meager 
that one may say (relative to the adult relations) that the kidney 
is predominantly glomerular 

This imbalance between glomerular and tubular development 
is well illustrated by Arataki s iS classical studies This investi 
gator made glomerular counts and other measurements on the 
kidney m pairs (1 male and 1 female) of rats from birth up to 500 
days of age The writer has recalculated some of his data for 
presentation in figures 94 and 95 Figure 94 shows the volume of 
renal cortex * in cu mm per (completely formed) glomerulus in 

* This figure is the volume of cortex after fixation as calculated by micro¬ 
scop c enlargement and planimetry of every other section (20 to 25 ix) Correc- 
t on for shrinkage would not s gmficantly alter the relations shown 
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relation to age; since the glomeruli themselves represent only a 
small fraction of the volume of the cortex, the latter can be taken 
to indicate the quantity of tubular tissue per nephron The no¬ 
table feature of these data is that between birth and ioo days the 



Figure 95 Growth of total kidney (weight) per glomerulus in the white mt. 
(Recalculated from Arataki u ) 


quantity of tubular tissue per nephron increases ao-fold; since the 
tubules do not increase in diameter (fig. 96), this increase can onlj 
be effected b> elongation of the proximal and distal tubules in each 
nephron. The same conclusion is reached if one calculates the 
weight of total kidney tissue per glomerulus (fig. 95).* The two 
methods of calculation }ield essentially the same result because 
the relative proportions of cortex and medulla (the latter con- 

* B) both calculations, the adult male has slightly more tubular tissue than 
the female. 
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stitutes about 30 per cent of the total kidney volume) are prac 
tically constant in Arataki’s data from 3 days on * 

As shown in figure 96, the average glomerular diameter in 
creases by a little less than 100 per cent between birth and 100 
days, but, even if this is accompanied by doubling of glomerular 



Figure 96 Changes in diameter of glomeruli and tubules m the white rat in 
relation to age (Arataki “) 


function, in the kidney of the newborn rat glomerular function 
predominates over tubular function by a ratio of some 10 to 1 be 
cause of incomplete elongation of the tubules t In man an increase 
in glomerular diameter is evident before the age of 1 to 2 years 
(table ix) 

* In kittelson s m * data, the volumetric ratio of medulla to cortex is 1 3 05 
at birth, decreasing to 1 1 2 at 12 weeks and mcreas ng again to 1 2 87 in the 
adult 

f Arataki notes that, as between 350 and 500 da>s of age the total number 
of glomeruli in the kidney decreased from above 30 000 to some 20,000, since 
the diameter of the tubules and the number of glomeruli per unit volume of 
cortex remain constant he concludes that the tubules of tf e d sappeanng 
glomeruli have also been destroyed, 1 e there is no evidence here of the forma 
tion of aglomerular nephrons m the senescent kidney 
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In the newborn infant, the ratio of the height of the medulla to 
that of the cortex is about 1:5, in the adult this ratio is about 
1:2.4, th ,s proportion being closely approached between the first 
and second year.*"* In the cat (no measurements are available in 

TABLE IX 

The Midsize of She Peripheral and Central Glomeruli in Man , m Micra 
(After Kulz, cited by Arataki “) 



Peripheral 

Central 

Age 

glomeruli 

glomeruli 

0 days 

99 


9 dajs 

97 

»3J 

a 5 months 

107 

139 

j months 

no 

138 

7 months 

121 

140 

9 5 months 

129 

139 

1 H years 

13a 

143 

2j< years 

157 

158 

12 Jears 

192 

192 

16 jears 

231 

229 

18 years 

213 

219 

23 years 

237 

237 


man) the relative expansion of the cortex involves a considerable 
elongation of the proximal tubule relative to the rest of the 
nephron. According to Sperber, 1 *** the proximal tubule constitutes 
about 30 per cent of the total nephron length in the ra-day-old 
kitten, some 30 to 35 per cent in the young female cat, and about 
45 to 50 per cent in the old male. 

That tubular excretion could be carried on by proximal tubule 
tissue as rapidly as it develops is implied by the demonstrated 
activity of embryonic mesonephric tissue in in vitro cultures, and 
during its development the proximal tissue of the cortex must have 
a reasonable supply of blood, no doubt of glomerular origin. It is, 
however, conceivable that the peritubular capillary plexus is in¬ 
adequate to present all postglomerular blood to proximal tissue 
because of incomplete relations between the peritubular capil¬ 
laries and the rapidly developing proximal tissue; more par¬ 
ticularly, the postglomerular blood from the juxtamedullary glo- 
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meruli, the earliest to develop, may be significantly deficient in 
this respect. 

If the extent of development of proximal tubular tissue may be 
judged by Tiupah* the kidney of the newborn is very deficient in 
this tissue. Tiupah, like the effective plasma flow, is relatively 
lower at birth than is the filtration rate, as shown by the super¬ 
normal values of the ratio CiN/TmpAn* The data of Rubin et al. 
indicate that in 7 infants 7 to 22 days of age TmpAir has a value of 
o.io/gm. of kidney; using Miihlmann’s figure of 23.3 gm. gives a 
value of 0.13. This figure in the adult may be taken as 0.300 
(ch. xvn). Thus, as functionally measured, there is only one- 
half as much proximal tissue per unit of weight in the kidney of 
the newborn as will be the case at 2 years of so. Either (a) proximal 
tissue is present but is so poorly perfused by blood that it is not 
saturated in clinical determinations, or (b) this proximal tissue has 
not yet developed in proportion to kidney weight or filtering sur¬ 
face. In respect to (a) it has elsewhere been argued (ch. xix and 
Smith, 1830 ) that every unit of proximal tissue which is active in 
clearing PAH at low plasma levels must be conceived to be avail¬ 
able to blood during the measurement of Tiupah; i.e. the two 
terms, Cpah and TmpAii, have reference to the same excretory 
units and the same vascular channels. Since the ratio CpAii/TmpAii 
is normal or slightly high at birth (fig. 93), such proximal tubule 
tissue as is chnicahy available appears to be normally vascularized 
and perfused, and we are thus led to reject (a) in favor of (b), 
namely that proximal tissue is not yet fully developed; the renal 
circulation at the start is predominantly a glomerular one, the 
postglomerular blood escaping into the venous circulation without 
tubular clearance because adequate tubular tissue is not there. 
This circumstance will lead to a low extraction ratio of diodrast 
and PAR, to low clearances of these compounds, and to a high 
filtration fraction. Thus all the facts are at least compatible with 
a low extraction ratio of PAH. 

The supposition above is supported by the data of Williamson 
and Hiatt JM * on the rabbit, in which the rate of excretion of phenol 
red per gm. of renal tissue increases 5-fold in the first 10 days after 
birth. If this is entirely a matter of increased renal blood flow per 
gm. of kidney, it requires a greater acceleration of glomerular de- 
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velopment than is indicated by the anatomical data on other 
species or by data on the functional activity of the glomeruli in 
man, whereas the observation conforms with the interpretation 
that after birth a predominantly glomerular circulation with poor 
tubular clearance is rapidly transformed by the continuing de¬ 
velopment of proximal tissue into one m which the postglomerular 
blood is fully distributed for tubular clearance. With this redistri¬ 
bution, Cp*n and TmpAH increase, roughly in the same proportion, 
and the filtration fraction falls. These changes are superimposed 
on a simultaneous increase in the filtration rate promoted by open¬ 
ing up of the glomeruli and regression of the fetal glomerular 
epithelium. 

In brief, then, an interpretation that will fit all the facts is about 
as follows: glomerular development outruns tubular development 
in the late stages of fetal life so that, at term, the kidney has its 
full complement of glomeruli but a deficient quantity of proximal 
tubule tissue. Although the blood pressure is essentially normal, 
the filtration rate per gm. of kidney is low at birth because of 
impedance of filtration by the fetal epithelium. But, despite this 
functional deficiency in glomerular activity (i-e. relative to the 
number of glomeruli present), the circulation is predominantly a 
glomerular one because of a greater deficiency in development of 
proximal tissue, and considerable postglomerular blood escapes 
tubular clearance, these a r cum stances leading to (a) a low filtra¬ 
tion rate per gm. of kidney, and (b) low values for E P «i, Cp*n» 
and Tm PAH , and high values for C|\/Tm P4 H and Ci^/CpAn- As 
proximal tissue develops in the first year or so of life, all post¬ 
glomerular blood comes ultimately’ to be presented to proximal 
tissue for clearance and Ep*H, Cp«j, and Tm P4 n increase, while 
Cj\/TmpAH and Ci\/C p *h decrease to their adult values. 

The interpretation given here differs from those offered by’ West 
et al and Rubin et al. in that emphasis has been placed on the 
probability of a low extracdon ratio If the extraction rado in in¬ 
fancy proves to be normal, reinterpretation will certainly be re¬ 
quired. 

In view of the fact that the medulla and juxtamedullary circula¬ 
tion develop ahead of the outer cortical nephrons, one may an¬ 
ticipate that much of the neonatal atubular circulation is through 
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the vasa recta , along the lines described by Trueta and his col¬ 
leagues 2081 in the adult rabbit kidney. Replacement of these 
atubular circuits by circuits promoting tubular clearance of all 
postglomerular blood might occur to a variable extent during 
maturation in different species. And if the primordial juxtamedul- 
lary glomeruli receive a meager sympathetic innervation, it would 
perhaps explain their resistance, relative to the glomeruli in the 
neogenic zone, to vasoconstriction. This neuromotor imbalance, 
so striking in some rabbits, might also represent a fetal pattern 
which is largely if variably lost in the adults of other species,* ex¬ 
plaining the fact that evidence is lacking for the operation of the 
Trueta by-pass in man (ch. xxv). 

This interpretation must await confirmation by the determina¬ 
tion of extraction ratios in the infant kidney, and perhaps studies 
on the distribution of the postglomerular blood in newborn an¬ 
imals. 

One difficulty is presented in this view, in that Galln, Per6z-Stable, 
Martin, and Faez ni report that, in 6 children 2 to 11 years old, Tma 
averaged 543 ± 129 (322 to 759) mg., values much greater than those 
observed in adults (375 ± 79 7 in males and 303 ± 55.3 in females). 1 * 31 * 
1939 The average Titig/Cin ratio in children, 4 35 ± 1.19, is correspond¬ 
ingly greater than in adults (males 27 and females 2.5), and is even 
larger in children with nephrosis. 731 In 2 normal children in whom both 
Tmc and Tmo were determined, the ratio Tmc/Tmo averaged 13 o as 
compared with 7 32 ± 1.51 in adult males and 8 29 ± 2.09 in adult fe¬ 
males. These figures would indicate that glucose reabsorptive capacity 
is much more highly developed, relative to glomerular function and the 
excretion of diodrast and PAH, in children than m adults. This circum¬ 
stance would seem to reguirc, by the foregoing interpretation, extraor¬ 
dinary if transitorily enhanced glucose reabsorptive capacity in all 
available nephrons. However, in premature and newborn babies, Tud- 
vad ,0M reports that Tma corrected to 1.73 sq. m. is below the adult 
value. The Cik/Tuio ratio averaged o 47 (0.34 to 0.66) as compared 
with o 395 m adults, confirming a relatively low Tma value. Some un¬ 
certainty must, therefore, remain attached for the time being to glo¬ 
merular-tubular balance with respect to glucose reabsorption. 

* It may be repeated that, in respect to vasomotor reactivity, the rabbit 
appears to be a \ery unstable creature. 
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MAINTENANCE OF SALT AND WATER BALANCE IN IVFANCV 
Although presumably in salt and water balance at birth (if" the 
mother is in a state of health—the effects upon the infant of salt 
and water imbalance in the mother have never been examined), 
the newborn baby is precipitated toward dehydration by the 
lapse of some 24 to 48 hr before it imbibes fluid 1089 The relatively 
large surface area of the infant favors extrarenal water loss, al 
though Heller SiS has found that such loss is smaller than was ex 
pected in newborn rats at room temperature, perhaps because 
they are poikilothermous, and evaporation is reduced as the body 
temperature falls The practice of giving newborn infants water 
is not universal, even when they are to be reared from a bottle, and 
abstinence from fluid for 48 hr would produce significant dehy 
dration in the adult The first 3 or 4 postnatal days are attended 
by loss of 6 to 10 per cent in body weight, which is perhaps chiefly 
attributable to dehydration, and from birth until the third day 
the plasma concentrations of urea, uric acid, and NPN generally 
increase For these reasons, McCance 1,981,os concludes that, as a 
rule, babies do suffer dehydration from the fourth until the thirty 
sixth hour of life 

Despite neonatal dehydration,** as judged by red cell count, 
hematocrit, and body weight, the plasma sodium concentration 
and total base are fairly well maintained, urea and potassium 
concentrations are, however, elevated in newborn infants and 
newborn rats, 959 1,07 the bicarbonate concentration is reduced be 
low adult mean values by the presence of organic acids, among 
which pyruvic acid is important, while respiratory compensation 
maintains the hydrogen ion concentration at pH 74 Incipient 
acidosis is easily aggravated, as for example by a shift from breast 
milk to more acid cow’s milk or by diarrhea, or readily relieved 
and even excessively compensated into alkalosis by the adminis¬ 
tration of bicarbonate 1,9819,4 

In adults taking their full complement of fluid, the osmotic 
U/P ratio in urine collected during the day will range from 3 to 4, 
and the specific gravity from 1 015 to 1 025 During hydropenia, 
the urine flow* is rarely less than 500 cc , this figure depending to a 
considerable extent upon the salt and protein intake, and the 
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osmotic U/P ratio increases to its maximal value of 4 o to 4 2, the 
specific gravity to 1 028 or higher 

Heller 959 has shown that adult rats, when deprived of water, excrete 
a concentrated urine (specific gravity 1 056 ± o 002 ,1 o osm or more), 
whereas m newborn rats dehydration does not increase the specific 
gravity (1 on to 1 015) of the urine significantly, this failure to effect 
concentration being reflected in failure of the U/P ratios of sodium, 
chloride, and potassium to increase Where adult rats increase potassium 
excretion during dehydration, newborn rats excrete less potassium 
Adult animals maintained their extracellular fluid by increasing tubular 
water reabsorption and by a shift of water from the intracellular space, 
such water conservation as was effected by newborn rats, which may be 
the result of a decrease in filtration rate, was inadequate to prevent 
hemoconcentration and elevation of plasma urea 

According to Thomson,* 089 full-term infants excrete some 20 cc 
of water per day in the first 2 days, this figure rising to 225 cc by 
the twelfth day These figures would correspond to about 100 and 
1125 cc per 1 73 sq m/day The specific gravity in the first 2 da>s 
has a wide range (1 008 to 1 020) with a mean of 1 012, it de 
creases thereafter for several weeks and levels off in the range 1 006 
to 1 oil, with a mean of 1 008 During the first 48 hr after birth, 
the urine is slightly more concentrated than the plasma, the 
osmotic U/P ratio ranging from 1 o to 1 4, * then, from the third 
day on, the urine becomes more dilute, the osmotic U/P ratio fall¬ 
ing to o 3 to o 7, this decrease in osmotic pressure being onI> in 
part related to fluid ingestion, which is now established at 300 to 
500 cc/day m 1,07 The urine remains dilute for at least a week, 
when the kidney begins to do better osmotic work 985 1,07 **** At 
1 month, the specific gravity during water deprivation may rise 
to 1 036 and the osmotic concentration to 1 2 osm/liter (osmotic 
U/P ratio about 3 6), figures comparable to those of adults, and 
by this time over half the water provided by the infant’s usual 
food can be conserved to cover abnormal losses by other routes of 
water removal 1858 

*The reason for this limitation in osmotic pressure is obscure, for Dean and 
McCance “ s have shown that at least a infants 3 and 4 days old concentrated 
to an osmotic U/P ratio of 1 5 to 2 o during hypertonic saline diuresis, and in 
1 this value reached 1 $ during urea diuresis However, these figures are still 
less than are obsersed in adults 
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Thus the kidney of the newborn is unable to make a signifi 
cantiy concentrated urine during the critical period of dehydration 
immediatel) after birth But, as McCance and his coworkers have 
emphasized, the urine volume remains low, presumably because a 
low filtration rate reduces the load of sodium chloride and other 
solutes escaping reabsorption 

The deficiency in concentrating power in infancy is attributed 
by Heller to relative insensitivity of the distal tubules to ADH, 
for the concentration of the urine was but slightly affected by the 
administration of pitressin to full term infants 2 to 6 day s old who 
were excreting relatively dilute urine He correlates this lack of 
sensitivity with the fact that the neurohy'pophysis of young an 
imals contains relatively little of this hormone m #J7 Assay of the 
pituitary gland in 15 newborn infants revealed only about one- 
fifth of the antidiuretic and oxytocic hormones per mg of dry 
tissue found in the glands of 14 adults However, Barnett et al n 
obtained inulm U/P ratios as high as 227 in premature infants who 
were moderately dehydrated, and they suggest that measure 
ments of osmotic pressure and specific gravity are misleading in 
this connection, since they depend not only on water reabsorption 
but on the reabsorption of urinary solutes These investigators 
found that a 6-day-old, 2200 gm premature infant deprived of 
water for 16 hr showed an inulm U/P ratio of 200, after the in 
travenous administration of 09 per cent saline the U/P ratio fell 
to 20 and below, immediately after the infusion of pitressin at 1 
miHiunit/min the U/P ratio rose to about 60 The experiment in 
dicates some responsiveness on the part of the tubules to ADH * 
The distal tubules may appear to be less sensitive to ADH in re 
spect to water reabsorption because the maximal osmotic ceiling 
may be low, thus placing a low limit upon the degree of con 
centration of the urine even under maximal ADH activation 

The fact that infants under 3 months of age respond poorly to 
water diuresis, 1r,s a phenomenon also observed in puppies 2 * and 
newborn rats,* 55 ,JB * is probably related to the low filtration rate 

* The use of saline instead of water to hydrate the infant may have produced 
osmotic diuresis and one could not expect to obtain as h gh a U/P ratio w th 
pitressin alone which may have promoted the excretion of sodium chloride, as 
on water deprivation with a low load of urinary solutes 
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and the delivery to the distal system of a correspondingly small 
load of sodium and water In rats, typical water diuresis begins to 
appear at 4 days, and at ia days the response is almost indis¬ 
tinguishable from that of the adult, despite the fact that during 
oliguria the urine remains relatively dilute ,s0 * The situation 
recalls the blunting of water diuresis in Addison’s disease 
(P- 353 )- 

Sodium, chloride, and potassium clearances are relatively low 
in newborn full-term infants, on the basis of surface area possibly 
only one fifth of those of adults These low clearances also appear 
to be related to the low filtration rate At all ages, the chloride 
clearances tend to vary with the urine flow, which is to be ex¬ 
pected if the urine is (for the infant kidney) maximally concen¬ 
trated and sodium chloride is the chief deterrent to water re- 
absorption The phosphate clearance is also low and tends to vary 
with the urine flow 1,07 **** 1184 Young, Hallum, and McCance 1,81 
have emphasized the potential importance of the low filtration 
rate, with resulting glomerular-tubular imbalance, in the genesis 
of low electrolyte clearances, and, in turn, the importance of low 
electrolyte clearances in the susceptibility of premature and full- 
term infants to the formation of edema. The situation can be il¬ 
lustrated by the calculation that, if one takes the average filtra¬ 
tion rate m the newborn as 50 cc/min per 1.73 sq m., and the 
adult figure as 130 cc , and if one allows for the lower concentrat¬ 
ing power (one-third) m the infant kidney, the expected urine 
obhgatoire m infants would be of the order of 800 cc/day per 1.73 
sq. m. That the observed urine flow is lower (300 cc. or less) may 
be referable, as McCance 12,4 suggests, to the fact that the low 
filtration rate reduces the load of solutes delivered to the distal 
tubule. 

Isotonic and hypertonic saline are poorly excreted by >oung 
animals. When 10 per cent sodium chloride or 20 per cent urea 
solutions are administered by mouth to adult rats in doses of 5 per 
cent of the body weight, the animals respond with a diuresis which 
enables them to excrete 27 per cent of the solute in 5 hr. As in 
man, the urine during this diuresis becomes relatively dilute, 
dropping from the range of 2.5 to 3 o osm. to 1.3 to 1.5. In new. 
born rats, however, the maximal control concentration is rel- 
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ativelv lower (0.5 osm.), and hypertonic saline and urea solutions 
produce only a slight diuresis, with a slight increase or no change 
in osmotic pressure. 110 * Newborn infants respond to osmotic di¬ 
uresis in a similar manner: diuresis is substantially less than in the 
adult and the osmotic pressure of the relatively dilute urine rises 
slightly or does not change. 451 - 48 * This inability of the infant to dis¬ 
pose of hypertonic or even isotonic solutions of sodium chloride 
would appear to issue in the first instance, as McCance and his co- 
vorkers emphasize, from glomerular-tubular imbalance, and in the 
second instance, assuming excretion into the urine, from the in¬ 
ability of the infant kidney to elaborate a hypertonic urine. The 
infant is faced with a dual danger: first it is handicapped in ex¬ 
creting sodium chloride, and, if the salt is excreted, it is apt to 
suffer dehydration by excessive loss of water. Sluggishness in ex¬ 
creting saline does not appear to issue from failure of the glomeruli 
to increase their activity on expansion of the body fluids, for Dean 
and McCance 4S * found that 0.91 gm/kg. of sodium chloride as a 
10 per cent solution markedly increased the filtration rate in a 
infants 3 and 4 days old, though the maximal rate attained (ao 
cc/min. per 1.73 sq. m.) fell far short of the adult value.* 

Infants may remain in a state of acidosis for some time after 
birth. The phosphate clearance is so low 4M that there is available 
very little substrate buffer for the excretion of acid, and as a re¬ 
sult a larger proportion of acid is neutralized by ammonia than in 
adults. The proportion of free acid as phosphate is also much lower 
and the proportion as organic acid much higher. 1 ” 8 

Dean and McCance 483 obtained exogenous creatinine/inulin 
clearance ratios ranging from 0.68 to 1.32, and averaging about 
1.0, in infants a few days old (the ratio tended to increase in suc¬ 
cessive periods),! and inferred that the tubular excretion of creati¬ 
nine is not fully developed. Brod and Sirota 544 report that in some¬ 
what older infants the endogenous chromogen/mannitol clearance 
ratio averages 0.60 ± o.c66 (0.55 to 0.69), whereas this ratio 

• It should be emphasized that adult humans respond verj- sluggishly to 
the administration of isotonic saline in comparison with the dog (ch. xi) and 
possibly the rat, and it may be that part of the trouble with the infant kidney 
is that it is human. 

t This maj reflect poor perfusion of some tubules, as is suggested in connec¬ 
tion with pyelonephritis (ch xxvi). 
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averages i o in normal adults* 63 In 15 older children, the ere 
atinine/muhn clearance ratio averaged 1 13 1695 

Barnett and his coworkers 93 conclude that there is no significant 
back diffusion of inulin in the renal tubules of premature infants, 
because a constant clearance of inulin may be maintained in the 
presence of wide variations in water reabsorption and the man 
nitol/inulin clearance ratio is the same (o 883 =fc o 07) as in adults 
(o 90 ± o 07) 

The limitations of the infant kidney present a liability that can 
onl> be offset by judicious restraint in the administration of salt, 
of saline infusions, and of a high protein diet Human milk is low 
in salt, and the relative proportion of protein and fat are such 
that a large fraction of the total calories are supplied by the latter, 
thus conserving water from the requirement of urea excretion 
Conversely, the kidney cannot do much to compensate for in 
creased water loss in fever, vomiting, or diarrhea Against any 
factor tending to expand or contract the body fluids, the infant 
has but a narrow margin of renal functional defense 
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Comparative Physiology of the Kidney 


TELEOSTOMI (bOVY FISHES) 

From the data of paleontology and comparative anatomy it has been 
propounded that the protovertebrates were e\ohed 

m the fresh water mere of the Cambrian or Ordovician Period, and 
that the glomerulus represents an adaptation added to the pnmitne 
nephrostomatous tubule permitting the excretion of large quantities of 
water at the expense of energ) supplied b) the heart All those fishes 
which have had a continuous fresh water history retain w el (-developed 
glomeruli, through the Devonian air breathing fishes (Crossopterygn) 
the glomerular kidney was transmitted to the Amphibia and their de 
scendants, the reptiles, birds, and mammals With the exception of the 
Elasmobranchn, those fishes which one time or another ha\e invaded 
the sea and made it their permanent home have reversed the environ 
mental osmotic gradient, the higher osmotic pressure of sea water tend 
ing to draw water from the bod) through the gills, ora! membranes, 
and skm The capacity to elaborate a hypertonic urine was not de\el 
oped until the evolution of the birds and mammals, and m the marine 
fishes the urine is isotonic with the blood Apart from a \ery limited 
quantit) of water formed by metabolism, they must replace any water 
lost through the skin and gills and obtain additional water for urine 
formation from the sea The) do this b) drinking sea water, absorbing 
the sodium chloride and water (magnesium and sulphate are poorly ab¬ 
sorbed) from the gut, and excreting the sodium chloride through the 
530 
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gills, leaving osmotically free water in the body This circuitous process 
requires that practically all the sodium in the ingested sea water be ex¬ 
creted by the gills against an osmotic pressure gradient represented by 
the difference between that of the blood (A = —o 6 to o 8° C ) and of 
sea water itself (A = — i 86° C ), a process which requires a considera¬ 
ble expenditure of energy for each liter of urine formed * Consequently, 
where in fresh water fishes the urine flow is abundant and the filtration 
rate relatively high, in marine fishes the unne flow is minimal and the 
filtration rate correspondingly reduced No longer an advantageous 
adaptation, the glomeruli in the marine fishes have undergone marked 
reduction in size and capillarity, and in many forms have disappeared 
entirely, leading to the formation of the aglomerular kidney In the 
daddy sculpin ( Myoxoccphalus scorptus) the glomeruli degenerate dur¬ 
ing the life of the individual and large (and old) fishes are sometimes 
entirely aglomerular, excreting no trace of ferrocyanide or inulin (Fors 
ter, pers com ) 839 

The few data available on fresh water fishes indicate urine flows of 
2oo to 400 cc/day per kg 191919 ' >3 It is probable that there is little tubu 
lar reabsorption of water, and that the filtration rate is correspondingly 
high Burgess, Harvey, and Marshall 194 have shown that in the fresh¬ 
water catfish (Amerturus nebulosus) ADH has no effect on the rate of 
urine excretion 

In the marine fishes the urine flow is quite low (2 to 5 cc/day per kg) 
and the filtration rate correspondingly reduced Variations in urine flow 
are related to and probably regulated by variations in filtration rate 

For reasons not dear, when marine teleosts are kept o\ erly long m 
captivity and traumatized by nets, live-cars, etc , they develop marked 
diuresis, with a corresponding increase m filtration rate tS71823 Chloride, 
normally absent from the urine, is now excreted in increasing amounts 
along with large quantities of magnesium and sulphate, indicating that 
the diuresis is a result of increased ingestion of sea water The sequence 
of events seems to reflect a breakdown of the defense of the organism 
against environmental dehydration, or what Grafflin called ‘osmotic 

* The nature of the cells that perform this electrolyte excretion remains a 
subject of debate The writer agrees with Bevelander ‘“■ ,n that the entire re 
spiratory epithelium of the gill filament is probably charged with this task, 
while Keys and Willmer uu and Copeland and Pettengill tm attribute this 
function to special cells resembling mucous cells Copeland, however, suggests 
that these 'chloride’ cells are probably concerned only with anion transfer, if 
such is the case, the transfer of base (chiefly sodium) from blood to sea water 
must be attributed to the general respiratory epithelium, though how base 
could be transferred without anion is not clear 
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strain * It is of some interest that normallj the unne may be supersatu 
rated with MgHPO< 3H2O, which crystallizes massively on withdraw¬ 
ing the unne from the bladder ,C3 

Clarke * ss found that the xylose * U/P ratio in the sculpm, Afyoxo- 
cephalus octodecimsptnosus, tends to remain constant at about 4 o with 
progressive diuresis until the unne flow reaches relatively high values, 
when the U/P ratio falls toward or to 1 o The normal filtration rate is 
of the order of magnitude of 14 cc/day per kg, the unne flow about 
3 cc Under conditions of osmotic strain the filtration rate increases to 
100 cc/da> per kg It appears that glomerular activity is physiologically 
reduced in the sculpm by some inhibitory mechanism to a level constd 
erably below the maximum This may involve intermittent glomerular 
activity, as in the frog 

ELASMOBRANCHH (SHARKS, RAYS, SKATES, AND CHIMERAS) 

The elasmobranch fishes took up life in salt water earlier than and in 
dependency of the invasion of the sea by the bony fishes Although 
many elasmobranchs reinv ade and breed in fresh water (the Chimerae 
are an exception), the Sub-order appears to have had a continuous ma 
nne history from the time of its evolution As noted in the discussion 
of the excretion of urea (p 79), this substance is actively reabsc'bed 
by the renal tubules in all the elasmobranchs, and the concentration in 
the blood is thereby raised to some oooo to 2500 mg/100 cc This ‘phys- 
idogical uremia’ increases the osmotic pressure of the blood to a point 
where small quantities of water can be absorbed osmotically from sea 
water through the gills and oral membranes, and thus liberates the or¬ 
ganism from the task of separating water from sea water by oral in¬ 
gestion 1 ** UM1 The glomeruli are large and well developed Glomerular 
function is no disadvantage to the elasmobranchs and there is no evi¬ 
dence of glomerular degeneration among them, as m the marine tdeosts 

The data on the control of glomerular activity in the marine elasmo¬ 
branch fishes are meager, but they indicate that the rate of filtration and 
the unne flow are relatively large and constant (c So and 20 cc/day per 
kg, respectively) There appears to be no inhibition of renal activity 
in the normal animal, and as collapse occurs in "sick fish’ the filtration 
rate progressively decreases It may be that, because of their physio¬ 
logical uremia and supenor osmotic position, they have never been 
faced with the necessity for evolving mechanisms for reducing glomeru 
lar activity ,,M 

* Clarke *•* subsequently showed that the xylose/mulm clearance ratio in the 
sculpm 3% eraged 081 (0 70 to o 95) 
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Clarke ,ao found that theophylline and salyrgan do not produce diu 
resis in the dogfish Phlorizin produces moderate diuresis, probablj in 
consequence of the osmotic activity of the glucose in the urine Adrena¬ 
lin in large doses induces diuresis and blocks the tubular reabsorption 
of urea, causing in I experiment a 55 fold increase in the urea clearance 
and a change in urine flow from 16 to 75 cc/day per kg 
Dogfish transferred from undiluted to diluted sea water (70 per cent) 
showed a progressive increase in urine flow, the U/P ratio of inulin re¬ 
mained remarkably constant, the inulin clearance rising in proportion 
to the urine flow One fish, which in sea water had a filtration rate of 
90 cc and a urine flow of 20 cc/day per kg , showed m the second 12 hr 
period in 70 per cent sea water a filtration rate of 272 cc and a urine 
flow of 61 cc * 50 

In the fresh water sawfish, Pnstts mtcrodon , which is identical with 
the marine species, the unne flow ranges from 130 to 460 (average 250) 
cc/day per kg im The filtration rate is unknown, but it is clear that 
glomerular activity and the filtration of water increase under conditions 
of hydration 

AMPHIBIA 

The Amphibia have had a continuous fresh water history since their 
evolution in the Devonian Carboniferous periods No marine amphibian, 
and none living under and terrestrial conditions, is known, and extant 
forms, even the land toads, cannot survive water deprivation for long 
The glomeruli are large and the capillar) tree elaborate and free of in 
vasive tissue Again, the antidiuretic hormone has no effect on the re- 
absorption of water by the tubules”* and variations m urine flow are 
mediated almost entirely by variations in the filtration rate 

Forster 874 has shown that in the bullfrog, Ratta catcsitatta, the urine 
flow is almost a linear function of the filtration rate the average filtra¬ 
tion rate at a urine flow of 1 cc/hr per kg is 3 5 cc/hr per kg, rising 
to an average of 20 * at a urine flow of 15 By following glucose Tm, 
Forster 814 demonstrated that the increase in filtration rate involves the 
recruitment of inactive glomeruli, conforming with the classical obser¬ 
vations of Richards and Schmidt 17,1 that the glomeruli in the frog are 
not all active and that glomerular activity can be increased by expan¬ 
sion of blood volume and other means (injection of urea, glucose, so¬ 
dium sulphate, caffeine, small doses of pttuttnn, and section of the sym¬ 
pathetic nerves), and reduced by adrenalin, large doses of pituitnn, or 

* These figures were obtained in fall and winter frogs There appears to be 
a seasonal variation, for in spring frogs Forster * n reports filtration rates up to 
jo cc/hr per kg 
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stimulation of the % asoconstncto' nerves, observations which have been 
repeated!) confirmed by others * 1 *** 1 * 7 Bieter has de 

scribed a short capillar) loop in the common frog (Rana ptptens) which 
acts as a shunt, permitting blood to flow across the glomerulus without 
extensive exposure in the loneer capillaries Forster 6-7 finds that in the 
bullfrog with the renal portal circulation intact the filtration fraction 1$ 
6 per cent, when the renal portal circulation is excluded, this fieure is 
12 to 15 per cent The diodrast clearance with the renal portal circula 
tion intact averages 700 cc., without the renal portal circulation, 350 
cc/hr per kg 

REPTILES 

The reptiles were evolved from an amphibian stock m the and Pennsy! 
vanian Permian periods which followed the Carboniferous They are 
adapted to living away from water and most of them can survive con 
siderable penods of andit) Burgess, Harvc>, and Marshall 544 found 
that pitressin in small doses markedly reduces the filtration rate (xylose 
clearance) but obtained no indication that it increases water reabsorp- 
tion b> the tubules 

Fnedlich, Holman, and Forster *** have shown that in the fresh water 
turtle, Psutdemys elegans, the filtration rate vanes with the unne flow 
There is no tubular excretion of creatinine, but x> lose is reabsorbed to 
the extent of about 10 per cent High endogenous glucose plasma levels 
are attained dunng expenmental manipulation, and lead to glucosun3 
After phlonzination, the reabsorption of glucose is blocked but the per 
meability of the tubules is increased, permitting the reabsorption of 
glucose, x)lose, and creatinine (relative to mulin) to the extent of about 
15 per cent 

Marshall I,M found that in phlonzmized iguanas (Iguana iguana) the 
glucose U/P ratio averaged 3 2 and the unc acid U/P ratio 51 4, demon 
strating the tubular excretion of the latter (In the phlonzmized chicken 
these ratios averaged 12 and 136*4) 

Urea is absent from the blood and unne of the alligator (.Alligator 
missis sipiensts) t the chief non protein nitrogenous constituents of both 
being ammonia, which has an average concentration in whole blood of 
61 mg/100 cc The unne is invanably alkaline (pH 7 18 to 802) and 
nch in bicarbonate (77 6 to 125 mEq/liter), and m fasting animals con 
tains no more than a trace of chlonde and very little sodium 07 

Shannon (pers com) obtained inultn U/P ratios of 5*44 to xi 37 
(most of them betw een 5 o and 7 o) in this species at unne flows of o 005 
to o 087 cc/min (3 kg animal) It is apparent that changes jn hjdration 
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are accompanied by changes in filtration rate, as in other cold blooded 
animals 

CHICKEV 

In the birds, evolved from a primitive reptilian stock, the thin limb of 
the loop of Henle first makes its appearance m some but not all nephrons, 
and for the first time the antidiuretic hormone accelerates the tubular 
reabsorption of water, though large doses (o 5 unit/kg) also reduce the 
filtration rate, as in the alligator, though not to the same extent 

Glomerular development is, however, poor The glomeruli are small 
and heavily invaded by inert tissue, the glomerular tuft sometimes be¬ 
ing reduced to a few short capillaries No aglomerular bird is known, 
but even the chicken is not far from that state Functional study of the 
marine birds, which subsist for long periods (up to 9 months) in the 
open sea without access to fresh water, might reveal that glomerular 
function has diminished to close to zero This degeneration of glomeruli 
is undoubtedly related to the uric acid habitus which is so strikingly 
developed among this Class and the and living reptiles (ch v) 

In the chicken, the massed data of Pitts ,K8 and Shannon 1856 show 
only a slight upward drift of the inuhn clearance with urine flows from 
04 to 1 8 cc/min But, as Korr nM points out, these observations were 
made after the peak and on the descending limb of water diuresis Korr 
believes that during optimal hydration the filtration rate averages about 
122 cc/min per kg , this figure dropping to o 60 cc during dehydration 
and nsmg to 2 19 cc through the postdiuretic period But apparently 
variable reabsorption of water under the influence of ADH is important 
in diuresis, as in the mammals 

Lambert 1181 obtained an average inuhn clearance of 1 71 cc/min per 
kg He has confirmed the excretion of creatinine by the tubules in the 
chicken, demonstrated the excretion of uroselectan B (lopax), and 
showed that the administration of uroselectan B depresses the creati 
mne/inuhn clearance ratio Lambert also finds that the filtration rare 
is decreased in vitamin B deficiency 

DESERT MAMMALS 

So far as is known, most desert mammals cannot withstand dehydra 
tion much better than can man, the outstanding difference consisting 
of a better ability to conserve water* 87 To this group belong 

the antelopes, camel, donkey, and several other herbivores The rodents, 
like the desert reptiles and insects, seek cool places during the hot hours 
of the day instead of using their water for heat regulation Notable 
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among the rodents are the kangaroo rats, Dtpodomys merrtami and 
D specialties, and Bade) s pocket mouse, Pcrognathtts batleyi, studied 
by Howell and Gersh ,w * and b> Schmidt Nielsen and his colleaeues ,m 
moi7M,i7t2 These rodents normall) live on air-dned seeds and can sur 
vive for long periods and gam weight on a diet of dr> gram or oatmeal 
which contains only 5 to 10 per cent free water and affords about 06 
cc of water for each gm of carbohydrate oxidized Temperatures above 
35 0 C are quickl) fatal, but in the burrows a foot or so underground 
the da> tune temperature never exceeds 35° C, and averases about 
28° C These animals have to be taught to drink free water, and while 
some of them will eat succulent food, P batleyi disdains it and will not 
eat fresh watermelon There is no water storage mechanism m the 
body, but the kidne) elaborates a remarkabl) concentrated urine In 
Dipodomys merrtamt the electrol) tes, as measured by electrical conduc 
tmt), ma) reach 914 mEq (not chloride, for there is a ver) low chlo¬ 
ride intake), which, as sodium chloride, would have a freezing point of 
—2 8° C * and a simultaneous urea concentration of 14 per cent (A *“ 
c.a, 22° C ) The a\ erage urine figures in D spectabihs are 702 mEq of 
electrol) te (A = c 2 2) and 78 per cent urea (A = 3 4°C), and in 
P batleyi (disdaining fresh watermelon in preference to dr) grain), 923 
mEq of electrolyte (A = c 2 7 0 C) and 12 per cent urea (A = 3 66° C) 
Howell and Gersh ,MI report a sample of D mohavensts unne with a 
urea content of 19 7 per cent These authors suggest that the collecting 
tubules play an important role in the reabsorption of water in this 
species Schmidt Nielsen el al 17,1 report that the highest urea figure in 
their data (22 1 per cent) occurred simultaneous!) with the highest elec 
trolyte concentration (1180 mEq), the writer estimates the osmotic 
pressure of this unne to be 5 68 osmolar (A = —10.4 0 C ), which uould 
give an osmotic U/P ratio of about 17, as compared wath a maximal 
ratio of 4 2 in man Under the same dietary conditions the white rat 
(Rat/us narvegtcus car alb ) loses 52 per cent of its bod) weight and dies 
in 15 to 21 da)s, apparently chiefly because it cannot concentrate the 
unne to the same degree The desert rodents cannot endure a high pro¬ 
tein diet (pure soy bean), presumabl) because of the low water/urea 
ratio in metabolism 17,1 

When fed barley dned at 105 0 C and containing about 10 per cent 
sodium chlonde, P batleyi survived only 2 to 17 (average 7) days On 
the second da) on this diet the unne had an electrol) te content of 1220 

* In calculating A, wc take the activit) coefficient of NaCl as 1 7, not as 2.0 
as Schmidt Nielsen rt a! do Even our estimate is probabl) high for so con 
centrated a solution 
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mEq (908 mEq of chloride) and a urea content of 12 5 per cent The 
first figure is the highest concentration of electrolj te recorded in the 
urine of any animal, and is more than twice as concentrated as sea water 
(585 mEq) (Adolph 30 gives the maximal concentration of chloride as 
600 mEq for the white rat, 370 mEq for man, 330 mEq for the dog, 
and 320 mEq for the goat) D metnamt can survive on a diet with a 
sodium content far below the minimum required by the domestic albino 
rat, and can survive slightly longer on a diet containing excessive 
amounts of sodium or potassium Under both conditions the albino rat 
shows marked renal injury 15 * 3 D memamt , ordinarily with no taste for 
water, will take fluid if fed on a high protein diet (soy beans), under 
which condition it passes into negative water balance because of the 
large quantity of urea requiring excretion On such a diet it will drink 
even sea water, and, at least over a period of a few weeks, does just as 
well as when drinking fresh water, with no change in plasma concentra 
tion of total electrolytes 


MARINE MAMMALS 

The marine mammals are, of course, all descendants of terrestrial, fresh 
water drinking forms, and it was necessary that adaptation liberate 
them from dependency on fresh water before the sea could become their 
permanent habitat * 

Irving, Fisher, and McIntosh 1041 inferred from chloride analyses of 
urine and fecal material removed from joung anesthetized seals that 
these animals did not drink sea water, water for urine formation being 
derived from the food They estimate that out of the 1000 gm of water 
made available by 1250 gm of herring (1000 calories), 200 gm would 
be required for evaporation from the lungs and for feces The remaining 
800 cc would be available for renal excretion 

Smith irT showed that the rate of urine formation in the fasting har¬ 
bor seal, Phoca vttulwa, is normally low, ranging from o 06 to o 1 cc/min 
in a 40 lb animal After a meal of herring the rate increased to a maxi 
mum of I cc/min , maximal diuresis being reached 4 to 7 hr after the 
meal, the urine flow thereafter decreasing to low levels again Thus 
urine excretion increases as water becomes available from the ingested 
food and falls again to oliguric levels during fasting Urea is the predom 

* The Eskimos are aware that seals do not drink fresh water, and they con 
ceive the animals to be alwajs thirst) Consequently when a hunter kilts a seal 
he pours a dipperful of water into its mouth so that the spirit of the dead seal 
will tell other seals, who will then come to get themselves killed by so thought 
ful a hunter 
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inant nitrogenous substance, along with ammonia, creatinine, and crea¬ 
tine (apparently of exogenous origin) From the composition of the 
urine and rectal contents it was concluded that the animal does not in¬ 
gest sea water while fasting, and that no more than traces of sea water 
are taken m with the food. A seal will frequently swallow large herring 
under water; apparently the esophagus closes firmly about the morse! 
of food and an> sea water present in the mouth or taken into the esoph¬ 
agus is ejected backward into the oral cavity. 

The composition of the urine is m no way remarkable except for the 
degree of osmotic concentration The quantity of sulphate in the urine 
is not excessne (less than I 85 mM/gm of nitrogen), the chloride con¬ 
tent is that to be expected on a fish diet, and only small quantities of 
magnesium are excreted The osmotic pressure ranges from A — —I 365 
to —3 988° C , the lowest values being observed m the fasting, oligunc 
state when energy is supplied largely by the oxidation of carbohjdrate 
and fat and when the loads of urea and sodium chloride claiming excre¬ 
tion are minimal The maximal osmotic pressure does not coincide with 
the maximal rate of urine formation but at intermediate values of the 
latter, indicating that it is not solely the osmotic load in the unne that 
determines the rate of unne formation The highest osmotic pressure 
recorded represents an osmotic U/P gradient of about 5 7, as compared 
with 17 in the kangaroo rat and 42m man. 

It seems probable that the evidence on the seal can be generalized to 
include all marine mammals Even in the whalebone Cetacea, which 
subsist upon plankton, the unne is no more concentrated than in the 
seal The ‘comb’ of the whalebone whales is adapted to filter microscopic 
organisms out of the water m such a manner that the material deposited 
can be licked off by the tongue, which probably ‘dries’ it by compressing 
it into a compact bolus before deglutition. 

Fetcher 6 ” subsequently armed at the conclusion that the sea! does 
not drink sea water from analyses of the total solid content of the unne, 
but he believ ed that the conclusion could not be extended to the whale¬ 
bone whale and other mammals that live on invertebrates I^o evidence 
that such mammals do dnnk sea water is given, however. Fetcher and 
Fetcher 40 have shown that the dolphin absorbs more salt than water 
after the oral administration of o 5 M sodium chloride. 

Hiatt and Hiatt *** have shown that the postprandial diuresis in the 
seal is accompanied b> a marked increase in the filtration rate, this value 
increasing from o 1 cc/min per gm of kidne> during fasting to 1 cc/min 
after a meal of herring, maximal renal function being reached in a few 
hours The filtration fraction tends to remain constant, and Tma does 
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not decrease during fasting oliguria, indicating that the decrease in re 
nal function is not attributable to complete cessation of activity in some 
glomeruli,* but is shared fairly uniformly by all glomeruli Hiatt and 
Hiatt concluded that the effective stimulus to the increased filtration 
rate and renal blood flow in the fed animal is not available water but 
probably is associated with the metabolism of the ingested protein 
Irving and his collaborators 1063 have shown that the seal, like other 
diving mammals, can survive considerable periods of asphyxia during 
diving by a co-ordinated mechanism which involves respiratory mhibi 
tion and maintenance of arterial blood pressure despite marked vagal 
bradycardia It is demonstrated in the beaver that during this asphyxial 
reflex the blood flow to the muscles is decreased and that to the brain 
increased Bradley and Bing* 8 * found that the asphyxial reflex in the 
seal can be elicited by submerging the animal s head under water, or 
more simply by holding the nostrils closed with a towel or funnel They 
have demonstrated that, during the asphjxial reflex, the filtration rate 
and renal plasma flow are markedly decreased, the filtration fraction 
remaining nearly constant A considerable quantity of blood is thus di 
verted from the kidneys and made available for circulation to the brain 
or elsewhere Atropine blocks the reflex bradycardia but does not block 
the renal ischemia Bradley and Bing have shown that, as in man and 
the dog pyrogenic inulm produces renal hyperemia, increasing the re 
nal plasma flow from the average control value of 1 03 cc/min per gm 
k\V to 3 27 The hyperemic phase is preceded by a marked \ asocon 
stnctor phase A single dose of amidopyrine (13 gm ) blocked the fe 
brfle reaction without blocking the renal hyperemia with moderate 
doses of pyrogen, but with larger doses of pjrogen the body tempera 
ture rose to 107° F and the animal died within an hour 

rat t 

The development of a technique for the collection of blood and urine 
tit the rat has presented numerous difficulties All investigators have 
used a single urine collection period Some have used a terminal blood 
sample from single animals or pooled samples obtained from several 
animals, while others have drawn tail blood in the middle of the urine 

*This also excludes a non glucose reabsorbing shunt 

t The wnter docs not ha\ e much more confidence in the white rat as an ex 
penmcntal animal for comparison with man than he does in the rabbit It 
should be noted that the NNistar strain, for example, comes from the king A 
albino strain established b> Helen Dean King at the Wistar Institute in 1904 
and has been bred successive!} for 139 generations Although in recent } ears 
it has been cross-bred rather than inbred, the net biological effect of selection 
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collection period, or at the beginning and at the end Some have used 
whole blood and some have used plasma Some have ligated the penis, 
some have cathetenzed the bladder and some have expressed the urine 
with pressure The use of terminal blood is open to the obvious errors of 
extrapolation, particular!) with diodrast and PAH, while the collec 
tion of blood before or during the clearance period runs the risk of reflex 
excitation of the renal vasoconstrictor paths In addition to technical 
difficulties, Dicker 810 K * has shown that below a certain minimal pro¬ 
tein intake in the diet (which itself influences the filtration rate, as in 
the dog) the muhn clearance increases with urine flow (In these deter 
mtnattons Dicker used the intramuscular injection of mulin and termi 
nal blood samples ) 

The results obtained b> various investigators have been summarized 
in table \ S M Friedman and Livingstone 718 administered diodrast 
subcutaneously in 4 cc of a per cent sodium sulphate solution, muhn 
subcutaneously m saline No water was given orally , the penis was U 
gated and urine expelled by pressure and a midperiod blood u is drawn 
under ether anesthesia In the calculation of Tmu, FW was taken as 
062 The authors give the derived data Cd/Tuid = 93 > Qn/Cd — 
o 20 Civ and Cd were independent of unne flow 

Dicker and Heller 811 administered diodrast and inuhn subcutaneously 
in saline, and gave 50 cc/kg of water orally, urine was expelled by pres¬ 
sure and a terminal blood sample w r as used The mulm clearance was 
constant at plasma muhn levels ranging from 5 to 314 mg/100 cc. of 
serum, and this and the diodrast clearance were constant at urine flows 
ranging from 00035 to I 030 cc/min per 100 gm BW The average 
figures from 104 simultaneous clearances on 35 male rats were mulm 
clearance, 0351 cc , diodrast clearance 2023 cc, Tmo 0126 mg of 
iodine per ico gm BW FW was taken as o 62 after Friedman and Liv¬ 
ingstone 

Dicker 810 and Dicker and Heller, 8am using the same technique, rc 
port for 134 male rats (mean weight 176 5 gm ) mulm clearance 0347 
dr o 043, diodrast clearance 2 22 ± o 281 cc, Tmo o 132 ±0185 me 
of iodine per 100 gm BW, filtration fraction o 17 ± o 037 

Braun Menendez and Chiodiadministered muhn 3nd diodrast 

within the strain for rap dity of maturation, size of litters, docility, et&, has 
not been evaluated 

Had a sibling pair of H sapiens been selected on a s milar basis and inbred 
or narrowly cross-bred for 139 generations (at 25 years to a generation, from 
1525 b c ) few students of phys ology would expect them to react to stresses in 
a manner comparable to H sapiens or Cants Jamihans, both of which are gen 
eraJly represented in physiological investigations by mongrel individuals. 
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subcutaneously, the former in 3 cc of saline, and 50 cc/hg of water 
orally, unne was expelled bj pressure and a terminal blood sample 
was used No statement is made in regard to FW The inulin and dio- 
drast clearance and Thid are all reported to increase with unne flow 
Ci% " 14 81V 4- o 0916 and Cd = 64 56V + o 661, where Q\, Cd and 
V are expressed as cc/mm per 100 sq cm Tmo averaged o 1016 ± 0041 
mg of iodine per 100 sq cm The filtration fraction averaged o 226 (o 117 
to o 502) Q\ as given m table x was recalculated b> Corcoran et ol w 
and Tmc was recalculated by the wnter 

M Fnedman ir gave creatinine orally in 3 doses of water (10, 5, and 
5 cc ) at 1 hr intervals, and inulin and PAH subcutaneous!) , urine was 
expelled b) pressure and pre and post-clearance blood samples were 
collected from the tail under ether anesthesia, whole blood was used 
for creatinine determination, plasma for inulin, the creatinine data be 
mg used without correction Civ in table x was recalculated by Corco¬ 
ran et al and Cpah by the wnter Ccr, Civ, and Cp A h increased with 
unne flow, but regression equations are not given At equal unne flows, 
the creatinine and inulin clearances in separate determinations averaged 
about the same, while in 41 simultaneous deterrunatjons the creati 
nine/inuhn clearance ratio averaged 1 023 (072 to 1 73), m 12 simulta 
neous determinations the inultn/PAH clearance ratio av eragedo 24 (o 19 
to 039), and in 35 simultaneous determinations the creatinme/PAH 
clearance ratio averaged 022 (o 14 to 038) The creatinine clearance 
was independent of the plasma concentration of creatinine between 1 o 
and 26 6 mg/100 cc. Fnedman concluded that there is no tubular ex 
cretion of creatinine in this species * 

S M Fnedman, Pollej and C L Fnedman ~'° gave inulin intrapen 
toneally in 3 cc of saline, and PAH subcutaneously in 1 per cent sodium 
sulphate, unne was expelled b> pressure and a terminal blood sample 
was collected b) heart puncture F\\ is taken as o 8 Qy and TmpAH 
m table x were recalculated b) Corcoran et al and Cp A n by the wnter 
The data as given b> the authors are Civ = 036 =fc 004 and Cp\H “ 
23I—°i8cc, TmpAH = o 10 ± 001 mg per 100 sq cm , Qv/Cpvn 
= o 157 ± 0023, CpAii/Tmp An = 22 1 =b 2 o They note that the 
CpAii/TmpAn ratio is higher than m any other species jet reported, 
apparently because of the high value of Cpah No influence of unne 
flow on clearances was recorded 

* M Friedman's technique for obtaining renal clearances in rats has been 
criticized b> Dicker and Hdler,‘ n to which criticism Fnedman has replied’' 1 
In view of Lippmans BO results, it cannot jet be accepted with confidence 
that there is no tubular excretion of exogenous creatinine m the t 3 t 
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Lippman 1MS gave creatinine subcutaneously in io cc of water Urine 
was expelled by pressure, and blood drawn from the tail before the 
clearance period and collected by exsanguination at the end Chemical 
determinations were made on pooled samples of plasma and urine The 
influence of urine volume was not studied He found that the endogenous 
creatinine chromogen clearance averaged o 237 cc per 100 gm BW, in 
contrast to o 915 cc for the exogenous clearance The change in clear¬ 
ance value occurs in the plasma creatinine concentration range of 1 to 
2 mg/ioo cc The exogenous creatinine clearance averaged I 43 cc per 
gm KW 

Corcoran, Masson, Reuting, and Page 410 gave PAH mannitol-creati 
nine solution subcutaneously in 2 doses of 1 7 cc/100 gm BW Heparin 
ized rats were restrained in a holder and cathetenzed under ether anes 
thesia, the bladder being rendered insensitive with intracaine Blood was 
collected from the tail after warming the animal at 45 0 C for 3 mm 
before and at the end of the clearance period They suggest that the 
greater variability in the data of Corcoran and Page m as compared 
with their present data presumably reflects the effects of light anesthe 
sia and inaccuracy due to single blood sampling They present data on 
10 animals showing that, in successive determinations over a period of 
4 weeks or more, Cat and TmpAii remain fairly constant 

Lippman, 1 * 44 in a second paper, compares clearances by two methods 
In undisturbed animals, which under ether have received 10 cc of 
saline subcutaneously containing creatinine, urea, and PAH, urine was 
collected by having the animal sniff ether, and only a terminal blood 
samp\e was used The tad cutting’ method is that given above The 
'undisturbed' clearance method gave average PAH, creatinine, and urea 
clearances of 3 38, 1 49, and o 703 cc/100 gm BW, by the 'tail cutting’ 
method these figures were 263, 0915, and 0458 The ‘undisturbed’ 
clearance method gave PAH, creatinine, and urea clearances of 4 82, 
1 06, and 2 27 cc/gm KW, for the 'tail cutting’ method these figures 
were 4 17, o 669, and 1 43 cc There was no relation betw een clearances 
and urine flow in either method Recognizing that no method of clear¬ 
ance determination in the rat is entirely satisfactory, he recommends 
the ‘tail cutting’ method because the variabilitj is less, and despite the 
depression in clearances involved in this technique 
Elsewhere Lippman 1,44 asserts that, using the 'tail cutting* method, 
the subcutaneous administration of PAH in 10 cc of saline depresses 
the simultaneous inuhn clearance, the extent of this depression incrcas 
ing in proportion to Pp.ui Converselj, the subcutaneous administra 
tion of inuhn depresses the PAH clearance roughlj in proportion to the 
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value of Pr\ He believes that , with at ailable preparations, Q\ and 
Cpah or TmpAH cannot be determined simultaneous!) in this species 
Dicker, Heller, and Hewer n# found that, in rats fed on a pro’ein 
deficient vegetable diet and suffering from severe hypoprotememia, the 
filtration rate vanes with the unne flow, contrary to Dicker and He! 
ler's * r * observations on rats receiving a standard diet, while Dicker * s 
has shown that saline trebles the filtration rate on a standard diet 
Dicker 1,1 has re-examined this unne flow problem in greater detail 
Using the technique of Dicker and Heller, 11 * he administered i cc/ioo 
gm BW of inulin saline solution intramuscularly and gave 50 ec/kg of 
water per os Urine was expelled bv pressure and a terminal blood sam 
pie was used- The young animals were reared to the required weight 
(101 to 150 gm ) on the stipulated diet, and a senes of adult rats were 
fed on the different diets for 9 weeks The) conclude that the plasma 
protein concentration of the adult rat varies nith the amount of protein 
in the diet, and that in young and in adult rats with a plasma proten 
concentration below 6 8 gm/100 cc the filtraoon rate increases with the 
unne flow In adult rats fed on a diet containing 18 per cent or more of 
casein, and having a p’asma protem concentration above 6 8 gm/100 
cc., the filtration rate is independent of unne flow High plasma pro'e.n 
concentranons are accompanied bv higher mean rates of filtration 
Boss, Bimie, and Gaunt,®* in a preliminary note, give an averace 
creatinine clearance of o 820 cc/min per 100 gm BW 

Watschinger and Werner,* 1 “ using Dicker and Heller’s technique, re 
port average inulin and diodrast clearances to be o 58 and 1 89 cc/min 
per 100 gm BW, with a filtration fraction of o 117 
Lotspeich, 1 * - * using the technique of S M Friedman tt a! ,*** reports 
an average creatinine clearance of o 513 cc/min per 100 sq m 

In view of all the variables—diet, saline, hydration, tail cuttimr, anes¬ 
thesia (even light’ as the authors sav), the alleged effect of PAH on 
the inulin clearance and vice vena, and extrapolation of plasma concen¬ 
trations and possible differences in strains—it is surprising that five 
groups of inv estigators arm e at about the same figure for the filtration 
rate (060 to o 76 cc/min per 100 gm BW) The companion of ‘undis¬ 
turbed’ and ‘tail cutting’ methods b) Lippman must await clarification 
of some of the other v anables, and until that time figures for the eFec- 
me renal plasma flow in the rat must remain uncertain 
Taking the best figure for the filtration rate from table \ as o 6 cc/ioo 
gm BW, S o gm of kidne) per kg (" de ir/ra ) giv es o 75 cc/mn psr 
gm KW (Lippman ua,m * gives 1.49 and 1.43 cc., but his figures are 
out of line with all others, as shown in table x ) The corresponding best 
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figure for renal plasma flow appears to be 2 2 cc/ioo gm BYV or 2 75 
cc/gm KW, and for TmpAH 030 mg/100 gm BW and 0375 mg/gm 
KW Taking the surface area on a 200 gm rat as o 0301 sq m , the data 
above give a filtration rate of 39 9, plasma flow of 146 cc , and TmpAH 
of 20 mg/sq m 

The whole blood urea clearance in the rat is reported by Tarr and 
Smadel 827 to be 10 9 =h 3 1 cc , and by Herrin 880 as 19 3 cc/sq m The 
average figure obtained by MacKay and Roulston 1SM is o 33 per gm 
KW (using decapsulated kidneys) 

RABBIT 

Hayman and Starr 845 concluded by intravital staining that the number 
of active glomeruli m the anesthetized (urethane and sometimes ether) 
rabbit varies widely, and may be increased to a maximal extent by 
caffeine and salt solution and reduced by adrenalin and other agencies 
which induce vasoconstriction No correlation was observed between the 
number of active glomeruli and the volume of the kidney The complex¬ 
ity of such a study is revealed by the following functional studies, and 
by the discussion of the juxtamedullary circulation in chapter xxv 

Kaplan and Smith 1090 reported that in the rabbit the mulin and cre¬ 
atinine clearances (which are identical in this species) increase with 
urine flow These investigators administered water by stomach and kept 
their animals restrained on an animal board They found that, if water 
in quantities greater than 3 successive doses of 40 cc/kg at 30 min in¬ 
tervals is given, the animal is apt to develop oliguria which is frequently 
followed by convulsions and death (water intoxication 5 ) Reviewing 
their own data and the observations of others on the injection of dyes, 
etc, they concluded that in this species, contrary to the situation in 
the dog and man, hydration is accompanied by a marked increase in 
glomerular activity 

W W Smith, 1947 however, found no relation between the filtration 
rate or diodrast clearance and the urine flow at values of the latter rang¬ 
ing from o 4 to 7 o cc/min per 100 gm KW (o 072 to I 26 cc/min per 
kg BW) Mannitol diuresis increased the filtration rate by 20 to 50 
per cent and the diodrast clearance by 15 to 75 per cent, but this fact 
has little bearing on the question of glomerular activity in relation to 
hjdration per se No explanation of the discrepancj between her results 
and those of Kaplan and Smith was apparent, as she noted The aver¬ 
age inutin clearance in 8 rabbits was o 66 cc (o 38 to o 94) and the av¬ 
erage diodrast clearance 2 50 cc/gm KW (1 23 to 3 78), and the aver¬ 
age filtration fraction o 273 (o 19 to 040) 
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An apparent relation between filtration rate and unne flow m the 
rabbit was, however, again recorded bj Dicker and Heller, su Wilkinson 
and McCance,— 1 and Forster r * The latter found that fair urine flows 
could be obtained in rabbits bj feeding them an abundance of cabbage 
and other green food for 24 hr before an experiment Under these con 
ditions, he found no change in filtration rate or renal plasma flow dur 



URINE FLOW ccvkc pen minute 


Ficdre q7 Relationship between filtration rate and unne flow in undisturbed 
rabbits A 16-fold increase in unne flow dunng water diuresis is possible with 
out significant vanation in the filtration rate (Brod and Sirota ***) 


ing moderate variations in unne flow, and no differences were observed 
in renal function as between the prone and sitting positions Howe\er, 
the administration of water (50 cc/kg ) to rabbits that had been kept 
on a diet of dry food led to an increase in filtration rate (14 3 to 20 2 
cc/min ) and renal plasma flow (70 to 104 cc/min ) m the next hour 
Glucose Tm also increased from 37 to 64 mg , parallel with the increase 
m filtration rate, and Forster concluded that the increased renal func 
tion was accompanied by recruitment of inactive glomeruli Introduc 
tton of mannitol into the infusion had no effect on filtration rate, renal 
plasma flow, or glucose Tm, although it great!) increased the unne flow 
by reducing the reabsorption of water Theoph)lline similarly had no 




RABBIT 


537 

effect on filtration rate and renal plasma flow, though it produced dm 
resis Forster inferred that not all the glomeruli in the rabbit are active 
and that water diuresis increases glomerular activity, mannitol and 
theophylline having no such effect 

Brod and Sirota,* 45 on re examining the problem, concluded that the 
results obtained by Kaplan and Smith were attributable to renal vaso¬ 
constriction induced by excitement when water was administered by 
stomach tube, this vasoconstriction is of course accompanied by oh 
guna and as the vasoconstriction recedes the filtration rate and urine 
flow increase together The presumed relationship between filtration 
rate and urine flow observed by Kaplan and Smith and others they con 
sidered to be a fortuitous consequence of autonomic excitation and renal 
ischemia If precautions were used to prevent autonomic excitation, it 
was found that the filtration rate remained unchanged despite a sixteen 
fold variation in urine flow between 002 to 032 cc/min per kg (toi 
to 1 5 cc/min per sq m ), and regardless whether the urine flow was 
increasing or decreasing (fig 97) Although the strength of the stimulus 
required to produce emotional disturbance varied with the excitability 
of individual animals, fright or painful stimuli of sufficient intensity al 
ways caused antidiuresis by renal vasoconstriction, as a result of which 
there was a marked reduction in renal plasma flow and filtration rate 
with little change in the creatinine U/P ratio During this renal ische 
mta, water intoxication with convulsions and rapid death was easily 
obtained and many animals died in convulsions * 

Renal denervation did not appreciably reduce the renal response to 
the usual excitatory stimuli Adrenalin in large doses (400/1) had the 
same action as emotional excitation, smaller doses (50 to 120 n) failing 
to have consistent effects Dibenamine (5 mg/kg intravenously) did 
not block the vasoconstriction in 3 animals with renal nerves intact, 
but in 3 out of 4 animals with denervated kidneys the renal plasma flow 
and filtration rate increased immediately after its administration Pitres 
sin in physiological doses (2 rmlhumts intravenously ) produced antidiu 
resis with little effect on the renal plasma flow 
Brod and Sirota conclude with W W Smith that m the rabbit, as 
in the dog and man, uncomplicated water diuresis is mediated by 
changes in the tubular reabsorption of water with little or no contnbu 
tion from changing glomerular activity This conclusion is supported 
by the report of Wills and Mam” that in rabbits anesthetized with 
nembutal the filtration rate does not vary with urine flow 
Dicker and Heller 411 have replied to Brod and Sirota that the condi- 
•This might be called psychosomatic death 
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uons of their original experiments were not such as to be interpreted in 
this manner Reanalysis of their data leads them to affirm that in the 
adult rabbit changes in glomerular acmitv play an important role m 
regulating water excretion during hydration as well as changes in tubu 
lar reabsorption The) point out that such glomerular participation has 
been demonstrated not onl) in the Amphibia but in young and newborn 
rats and newborn guinea pigs, and was indicated b) earlier studies on 
human infants The implication is that the -kidnev of the adult rabb t 
behaves toward h)dration in an infantile manner 

Thus there is at the moment wide disagreement on renal function in 
this species Until the issues have been resoked, we shall tentatively ac 
cept Brod and Sirota’s average data Their averages for 69 clearances 
(each an average of 3 periods) on 21 male rabbits, including control ob¬ 
servations, were creatinine 3 12 ± o o 5 8 cc , PAH clearance 18 2 = 3.4 
cc/kg, filtration fraction =017 Taking the KW /BY\ ratio as 6.4 (*tde 
tnjrd)^ these data give 0.488 and 2 85 cc/gm K\\ W W Smith’s 
direct ratios of o 66 and 2 5 cc/min per gm KW (as used m table Xiv, 
p 568) arc probabl) more reliable calculations (although both u«ed 
Carworth Farms white rabbits), since the) do not involve an indirect 
calculation On a surface area basts, Brod and Sirota’s figures give a fil¬ 
tration rate of 50 2 =b 9 2 cc and a renal plasma flow of 296 -iz 59 
cc/min per sq m 

In anesthenzed (urethane) rabbits, Laake un obtained much lower 
values his averaae filtration rate was 24-$ ±65 cc/sq m (103S to 
388 6) In un anesthetized rabbits the average diodrast clearance was 
1943 ±38 cc. (187 to 202) and Tmo averaged 33.45 2 13 mg of 

iodine per sq m Tmc averaged 78 71 ± 13.4 mg/sq m (Self-depression 
of the diodrast clearance begins at a plasma concentration of about 2* 
mg of iodine per 100 cc ) 

The whole blood urea clearance in the rabbit during urea diuresis 
averages o 294 cc/gm kidney, or 25 5 cc/sq m " M * 

The creatinine clearance/Tmc ratio is about o 27 lt ~ 

The writer has heard pathologists and others comment that the rabbit 
gives highly variable results in certain experimental procedures He ad 
heres to the prejudice that the species possesses a degree of autonomic 
instabilit) which leads to intense sympathetic discharge under arcum 
stances in which the dog and man remain quiescent 

CAT 

Wire =t * records the tnulin clearance in un anesthetized cats as ranging 
from 33 to 94 cc/sq m (SA = 10 B\Y° 66 ) wnth a mean v alue of about 
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50 cc The filtration rate appears to be independent of the urine flow 
In this species the inulin U/P ratio may reach values as high as 700 

DOG 

Corcoran and Page 4,1 report 77 observations on 7 female dogs main 
tamed on 1 daily feeding of dog biscuit (Purina Dog Chow) and weekly 
supplements of lean meat All observations were made after 18 hr of 
fasting and at least 36 hr after meat had been fed No water was ad 
ministered to produce diuresis, but sodium sulphate (2 per cent) was 
added to the priming and sustaining infusion in order to insure moderate 
urine flows One would say that the dogs were basal’ and unhydrated 
The mean data were filtration rate 69 ± 14 8, renal plasma flow (from 
phenol red) 250 ± 61, whole blood 460 ±118 cc/min per sq m , the 
last two figures being corrected for Epr and the whole blood figure 
agreeing with that calculated from Ein by 1 per cent The mean filtra 
tion fraction was o 297 The figure for renal plasma flow agrees well with 
that cited by Houck, 1037 but the filtration rate is lower Corcoran, Tay 
lor, and Page 4r give the average ratios RBr/Tmo “ 2378 ±365, 
CiN/TmD = 2 68 =fc o 402 The last ratio is close to that in women, 
2 81 ± o 535, and identical with that in men, 2 63 ± o 344, while the 
first is slightly less than the value in man estimated on a hematocrit of 
046 (26 3 female and 25 9 male) (This similarity in these ratios is sur 
prising, in view of the fact that the dog kidney does not excrete as much 
PAH per unit of filtrate as does man Thus the Tmpvii/Cp ratio in the 
dog is 0236, whereas in man this ratio is 0624 (table xil) The data 
indicate a deficit in the dog relative to PAH excretion not applicable to 
diodrast 

Houck has tabulated the creatinine and PAH clearances in 75 mon 
grel female dogs maintained on a mongrel diet of dog biscuit, hospital 
scraps, etc , the data representing observations collected in the writer’s 
laboratory by various investigators over a period of several years These 
data are illustrated in figures 98 and 99 against the 70 per cent ellipse * 
with corresponding data in man (fig 100) The average figure for filtra 
tion rate is 84 4 ± 19 1 and for renal plasma flow 266 ± 66 cc/min per 
sq m , or 4 29 ± 1 01 and 13 51 =fc 3 26 cc/min per kg BW The av 
erage filtration fraction is o 317 Allowing for 90 per cent extraction of 
PAH, the true filtration fraction would be 0285 It is of interest that 
Medes and Herrick,” * using the thermostromuhr method, obtained a 
filtration fraction of 031, and Van Sly ke tt a/,* 0 ” using Ecu and Ejs 
in the explanted kidney with the other kidney removed, obtained 199 

* See footnote page 547 for the denv ation of this ellipse. 
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and 22.3 per cent. The last two figures are unquestionably lowered by 
renal hyperemia associated with hypertrophy of the remaining kidney. 



Figure 98. Comparison of filtration rate and renal plasma flow as related to 
body surface area in 75 normal dogs Each point represents a different dog and 
is the average of from 1 to 19 clearance observations. Dashed lines are the 
means for each function. The ellipse delimits the area of a scatter diagram 
within which 70 per cent of the points may be expected to fall by chance alone, 
assuming normal bivanant distribution. X represents the regression of renal 
plasma flow on filtration rate (i c. the variation along the x axis for a given 
value of y) and ace versa, (Houck **”) 

Seamier, Katz, and Rod bard, 5 * 77 in their study of normotensive and 
hypertensive dogs, report for 6 normal male dogs an average filtration 
rate of 104 ± 15 (86 to 127), a PAH clearance of 295 ± 58 cc/min. per 
sq. m. (range 86 to 127), with a filtration fraction of 0.353. These values 
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are slightly higher than those of Houck on female dogs, but the differ¬ 
ences are not statistically significant. The average filtration fraction is 
perhaps significantly higher. 

Moustgaard MW on 118 dogs records the average filtration rate as 
0.64 ± 12 and the plasma flow as 1.91 cc/min. per gm. KW, the filtra¬ 
tion fraction as o 335. 



PAH CLEARANCE CC/M INCITE PER KG. 

Ficure 99. Comparison of filtration rate and renal plasma flow, as related to 
body weight in 75 normal dogs. See legend of figure 98. (Houck ,MI ) 


Taking the KW/BW ratio as 7.1 gm/kg. (vide infra) t Houck’s figures 
for filtration rate and renal plasma flow would be 060 cc. and 1.90 
cc/gm, of kidney. Both figures are in remarkable agreement with those 
of Moustgaard, and we have used the average of the two in table xiv. 

The writer has assembled the data on Tmpxn recorded by Houck, 191 * 
Gaudino and Levitt, ,M Handley, Telford, and La Forge,* w Handley, 
Sigafoos, and La Forge, 981 and White, Heinbecker, and Rolf,* 28 * with 
other data kindly supplied by Drs. Richardson, Schwartz, and Kennedy, 
to supply the statistics given in table xi.* It may be noted that the co 

•The writer is indebted to Mr. Charles Crowder, Jr., for these calculations 
and for many others a ted in subsequent pages. 
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TmpAH tn Female Dogs 



Number 

Mean 

(T 

ioou/m 

Ccii/kg 

67 

3 84 cc 



CpAn/hg 

5 i 

12 5 cc. 



TmpAH/kg 

83 

0 97 mg 

O 091 

9 4 

Ccn/Tmp\H 

67 

4 24 

0 66 

IS 6 

CpAH/TmpAH 

5 * 

12 9 

2 43 

18 8 


efficient of variation of TmpAn per kg (9.4 per cent) is the smallest one 
on record in renal ph} siologj 

Houck's ,W7 a\erage ratio of sq m surface area to kg body weight 
for 75 dogs is 19 7, which would give Tmp\H = 19 1 mg/min persq m, 
while this value would be o 137 mg/gm KW 



PAH CLEARANCE CC/KllNUTE PER KG. 

Figure ioo Comparison of filtration rate and renal plasma flow, as related 
to bod) surface area, in dog and man The ellipse and lines of regress on for 
the dog are transposed from figure 99 Those for man were calculated from the 
data of Smith et al ivx (Houck ,n ) 
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In 49 observations on io dogs on a mongrel diet, Jolliffe and Smith 107S * 
1079 obtained a plasma urea clearance of 55 6 ± 13 7 cc/min per sq m 
In 13 clearances on 4 dogs on a meat plus chow diet, White and Hem 
becker 1198 obtained an average plasma urea clearance of 53 cc , and an 
average creatinine clearance of 94 cc/min per sq m 

In 91 clearances on 5 dogs on a dog biscuit diet, Orth and Stutz- 
man 1867 obtained a whole blood clearance of 34 9 ± 6 1 cc/min per 
sq m In 11 whole blood clearances on 17 dogs, Summerville, Hanzal, 
and Goldblatt 5r>i obtained 53 1 ± 11, Ralh, Brown, and Panente 1,89 
in 20 whole blood clearances on 6 dogs obtained 57 7, Rhoads, Alving, 
Hiller, and Van Slyke ,7M in 26 whole blood clearances on 5 dogs obtained 
49 8 and, m I03 observations on 13 dogs with one kidney explanted and 
the other in situ, 48 1 cc/min per sq m In the majority of these obser¬ 
vations, the urine flow exceeded O 5 cc/min per sq m The average 
whole blood urea clearance in the data above is 52 2, with a hematocrit 
of 040, the equivalent plasma clearance would be about 47 cc/min per 
sq m 

In 10 dogs, M acKay ir4 obtained an average whole blood urea clear¬ 
ance of o 61 cc/min per gm K\V 

In 9 dogs studied by Shannon and his coworkers l8S5 - ,8M Tmo averaged 
12 61 mg/min per kg BW, 302 6 mg/min per sq m and I 76 mg/min 
per gm KW In 4 dogs studied by Moustgaard, 14 ” Tmo averaged I 76 
mg/m in per 100 gm KW 

MAN 

Surface Area Correction 

To exclude variations in body size it is necessary to enter some correc¬ 
tion, the most frequent one in use being correction to I 73 sq m This 
figure was derived by McIntosh, Moller, and Van Sl> ke ,SiI from medico- 
actuarial tables on the mean surface areas of men and women 25 jears 
of age, and the surface area correction was used by Moller, McIntosh, 
and Van Sl>ke 1461 1481 because they found that the urea clearance showed 
a better correlation with surface area than with weight Further warrant 
for the correction is afforded by subsequent studies of renal function in 
infancy and childhood (ch t't) The figure of I 73 sq m is, of course, 
arbitrarj (The writer has averaced the surface areas reported b> 11 
groups of investigators in connection with renal function studies and 
obtains l 85 sq m for 263 men and I 81 sq m for 164 women ) It is 
immaterial, however, what figure is used so long as all investigators use 
the same figure, and since innumerable data are now reported in terms 
of 1 73 sq m , we maj accept this usage as established 



Statistics on Filtration Rale and Renal Blood Flow in Man 
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The mean values of renal clearances at their peak levels in determina 
tions extending over a 24 hr period, as recorded by Sirota, Baldwin, and 
\ lllarreal, 1904 are lower than the short period clearance data recorded in 
table xii, in 16 male subjects the inulin clearance averaged 119±23 
cc , and in 10 male subjects the PAH clearance averaged 597 ± 124 cc 
These subjects were allowed water ad libttum but were not hydrated 
prior to observation The senes is small, but perhaps indicates that the 
routine hydration used in short period clearance determination may in 
crease both the filtration rate and renal plasma flow significantly 

Clearance Variation 

Koepf, Hubbard and Loomis m * record a statistical analysis of $t 
multaneous inulin and diodrast clearances in 79 separate 15 mm test 
periods upon 19 subjects The inulin clearance showed greater constancy 
than did the diodrast clearance which the authors attribute to closer 
regulation of the filtration rate 

Davies and Shock 0 have made clearance determinations on each of 
2 days, separated by 1 week to 1 year intervals, on 40 subjects ranging 
from 27 to 89 years of age Older subjects showed less variation, both 
from period to period on the same day, and from day to day, than did 
younger ones They find evidence of a systematic decrease in measure 
ments made in successive periods on the same day (It has been the ex 
penence of investigators m the writers laboratory that the filtration 
rate and renal plasma flow tend to drift downward in long tests, a phe 
nomenon which has been loosely attributed to discomfort, restlessness, 
and fatigue on the part of the patient, though decreasing hydration 
may play a part ) Measurements in successive collection periods on the 
same individual on the same day will group themselves around the av 
erage value with a standard deviation of the mean of 6 1 cc for Qs, 
33 cc for Cd and 2 9 mg of iodine for Tmo, all per 1 73 sq m The 
variation of an individual from day to day is significantly greater than 
the experimental (period to period) variation, as might be anticipated 
Davies and Shock suggest, because of the large individual day to^lay 
variation, that the number of collection periods in any one test makes 
only a moderate contribution to the total variance, and increasing the 
number of periods bey ond 2 or 4 does not greatly reduce the error * 

* However, this anal) s s rests upon a h gh standard of clearance techn cjue 
>n such matters as emptying the bladder etc The data suggest such a h gh 
level of techn cal competence on the part of these investigators that the writer 
would take the 1 berty to suggest that others who maj not be confident of an 
equal competence would do well to rely on 3 periods for the filtration rate and 
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Statistical Analysis of Renal Function 
Statistical analyses of the filtration rate, renal plasma flow, and 
Trrip have been recorded by numerous investigators and are sum¬ 
marized in table xii 

A limited number of data are available for the description of 
renal function relative to Tmp A ir. The writer has recalculated 
TmpAii of table i of Chasis et al ils and Bolomey et al .* 07 with ap¬ 
propriate correction of Tmp A n for the chemical error in the man¬ 
nitol method, 8 ® and combined these with table 2 of Chasis et al. u * 
and with 29 observations supplied by Michie and 8 observations 
supplied by Earle, to obtain the data for mixed and separate sexes 
given in table xii From these data a 70 per cent ellipse * has been 
calculated for the mixed sexes, as shown in figures 101 and 102. 
The number of observations available for the separate sexes does 
not warrant a separate treatment of this ellipse. 

The basic data for the reconstruction of these ellipses are given 
m the legend of figures 101 and 102. The number of observations 


4 or more for Tm Technical errors as well as physiological changes, which might 
otherwise be overlooked, are thus frequently revealed 

*The area on a scatter diagram within which we may theoretically expect 
70 per cent of the observations to fall b> chance alone is an ellipse formed by 
the equation 



where x 1 is taken from recorded x 1 tables and is determined by P, the propor¬ 
tion of observations which mi) be expected to fall outside the ellipse by chance 
alone, and by n, the degrees of freedom in the system Here P is 030 (1 e 70 
per cent within the ellipse) and n •= 2, hence x* D 2 4°8 In the equation 
above, x is the distance from mx along the x axis, y is the distance from my 
along the y axis, cr, and c y are the standard deviations of the distribution m 
the X and y direction respectively, and r is the coefficient of correlation x is 
determined for various values of y by resolving the above equation in the 
quadratic. 



b-S£, c - -(. - r>) x V.« 

Cf Of 

An ellipse on a scatter diagram within which 70 per cent of the observations 
may be expected to fall by chance corresponds roughly to a distance from 
— iff to +iff on a linear scale for 1 vanable (68 per cent of the observations). 
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Figure ioi The filtration rate in norma! man (mixed sexes) as related to 
TmpAH M represents the mean ratio Cp/TmpAH, ± multiples of the standard 
deviation The ellipse is calculated to contain 70 per cent of the observations 
(corresponding to ±a) and actuall) contains 84 per cent 

The ~o per cent ellipse is calculated b> the equation given in the text. The 
has c data used are C F — 116 5 ± "8 1 and Thipah - 79 o ;fc 12 9 mg (jo ob- 
servations), Cp/Tmp A n = x 5 ±03 
The derived data for plotting the ellipse are 
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T*paH MC/MlNUTE PER 123 SO. M. 

Figure 102. The renal plasma flow in normal man (mixed sexes) as related to 
TmpAn. Again, M represents the mean ratio CpAii/TmpAii, ± multiples of 
the standard deviation. The ellipse is calculated to contain 70 per cent of the 
observations (corresponding to tk<r) and actually contains 80 per cent. 

The basic data used are Cpah = 640 ± 164 and TmpAii = 78.3 ± >3-4 (4® 
observations), Ct\ n/TmpAU = 8.15 ±20. 

The denvcd data for plotting the ellipse are: 
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of Tmp\n against Cp*n in the same patients is 40, of TmpxH 
against Cf is 50 The mean Tmp^n in these two series is 78 9 mg, 
a figure not far different from the av erage of the means of the sexes 
treated separate!) (78 3 mg) and consequent!' the figure 78 9 ± 
13 2 has been entered in table xii as an appropriate mean for 
mixed sexes The values of CpAn/Tmp«i and Cj\/TmpAH entered 
for the mixed sexes in table \ii are the weighted means of the 
separate sex data 

It is of course to be expected that, as the number of observations 
on an\ ph\ siological value increases, the mean and related param 
eters will shift However, mere multiplication of the number of 
observ ations does not increase the accuracj of these parameters 
unless all observations are ph>siologically comparable Thus the 
use of single injection methods is apt to lead to erroneousl) low re 
suits for both the filtration rate and renal plasma flow (ch 111), 
and such data have been excluded from the weighted mean * 
These means have been calculated by multipl) ing each datum br 
the number of subjects and taking the mean of the whole Where 
inv estigators hav e not reported the number of subjects studied, 
their average figure has also been omitted from the weighted mean 

Brun, Hilden, and Raaschou at record for 8 males Ci\/Tmpui = 
a 01 ±032 CiN/ CpAH = o 206 ± 00-96, Cpin/Tmp.ui = 949 ±075, 
and TmpAn/TmD (mEq ) = 1 77 This last ra 10 (corrected) in the 10 
normal subjects reported b> Chasis et af ta averages 251 (range 1 87 to 
3 I2) 

Bodj weights were not readily available in preparing the data in 
table xii but a roueh conversion to bod} weight basis can be made bv 
assuming 60 kg weight in women and 70 kg in men Thus calculated 
the Hit ration rare renal plasma flow, and Tmp+n average 1 81 cc, g35 
cc. and 1 1 mg respective!}, in men, and 1 97 cc , 100 cc., and I ”8 
mg per kg in women 

Sex Differences 

Brun Hilden and Raaschou note that in their data there is no sex 
difference in the diodrast clearance, a probable difference in th- filtra 
tion rate, and a fairly positive difference in Tmn But the weighted av- 

* The data of Hogetnan on the d odrast clearance are so far out of I ne w th 
other obsenatons that these data and all denied ca!culatto"s have also been 
om tted from the weighted mean. 
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erages m table xn indicate a significant difference in all three functions 
when compared on a surface-area basis Taking the adult kidney weight 
as 313 gm in men and 257 gm in women {tide infra) the Cin/KW, 
Cp/KW, Tmp/KW, and Tuipah/KW ratios in men are o 406, 2 09, 
o 16, and 0247, and in women, 046, 233, o 163, and 030, suggesting 
that all functions are slightly higher in women per gm KW The data 
are too few to warrant any firm opinion, however 

The Fraction of the Cardiac Output Delnered to the Kidneys 
{Renal Fraction ) 

The renal blood flow is so large that it is a matter of considerable 
interest to know what fraction this comprises of the total cardiac 
output in health and disease Numerous opinions, based on non- 
simultaneous data, have been expressed. One approach is to divide 
the average renal blood flow figure recorded by Smith, Goldrmg, 
Chasis, Ranges, and Bradley, 1 * 59 of 1209 cc/min. per 1.73 sq. m., 
by the average cardiac output recorded by Cournand and his co- 
workers,"* as determined by the direct Fick method, of 5.29 
hter/mm. per 1 73 sq m , which yields the value of 22.9 per cent. 
Correction of this figure for a 90 per cent extraction of diodrast 
of PAH from the renal blood would raise the renal fraction to 
25.3 per cent. This method of estimation is obviously uncertain, 
since average figures for renal blood flow and cardiac output vary 
with the size and composition of the population sample. 

Bradley, working in the author’s laboratory, endeavored to ob¬ 
tain simultaneous data on a number of subjects, determining the 
cardiac output by means of the balhstocardiograph; the renal 
fraction corrected for extraction ratio worked out in the range of 
25 to 30 per cent. When it became clear that the ballistocardio¬ 
graphic method w as not too reliable for such calculations, this ap¬ 
proach w as abandoned. 

Lauson, Bradley, and Cournand, im in their study of the renal 
circulation in shock, attempted to establish figures for the normal 
renal fraction by the simultaneous determination of renal clear¬ 
ances and of cardiac output by the direct Pick method. In 6 sub¬ 
jects they obtained an average value of 16 6 per cent (range 14 4 
to 21.2 per cent). Subsequently, Bolomey, Michtc, Michie, Breed, 
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Schreiner, and Lauson MT completed a senes of 18 non hyperten 
sive and 19 hypertensn e subjects, using the direct Fich method 
The average cardiac index in the normal subjects was 4 07 liters 
(or 7 04 hter/min per 1 73 sq m ), a figure substantial) higher 
than that of Cournand et al (529 h ter/m in ) The average 
renal fraction (uncorrected) was 156 per cent (range 10 2 to 26 9) 
However, the multiple procedure of saline infusion, bladder 
cathetenzation, and venepuncture for clearance determination, 
coupled with cathetenzation of the nght heart and the collection 
of expired gases, is not conducive to ph>siological quiescence, 
and it would seem that the inevitable effect would be to increase 
the cardiac output above the basal level, and possibl) to decrease 
the renal blood flow, thus decreasing the renal fraction Moderate 
anemia of some of the subjects in this senes may also have led to 
some reduction in the renal blood flow,*** and consequent!) the 
authors expressed their belief that their figure for the renal frac¬ 
tion might be on the low side. 

It is the writer's opinion that a true figure for the renal fraction 
cannot be determined b> these multiple procedures because of the 
psychological and ph>siologicaI effects on the subjects, and m the 
absence of more reliable data he would venture the opinion that 
the true renal fraction in subjects at rest and with normal hemato- 
cnts, and corrected for renal extraction ratios, is between the two 
figures, namel) about 20 per cent 

The data collected b) Bolomej et al serve, however, to show 
that the renal fraction is substantially reduced in hypertensive 
disease, in consequence of the destruction of renal parenchjma, 
falling below 10 per cent in many subjects and reaching 1 to 2 per 
cent terminall). 

Senescence 

Lewis and Alvmg 12,7 have reported studies on normal men, 20 jn 
each decade from 40 to 89 j ears, 2 of 91 5 ears, and 1 of ior ) ears 
The whole blood urea clearance declined from 100 per cent of the 
average normal value (standard clearance = 54 cc, maximal 
clearance = 75 cc per 1 73 sq m ) at 40 )ears to 55 per cent at 
89 jears (fig 103) The urea nitrogen content of the blood m 
creased from 12 03 mg per cent at 40 jears to 17 62 mg at 89 
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Figure ioj Urea clearance in relation to age in normal men over 40 jears of 
age Dots represent individual values (averages of a-hr clearance tests); a is 
the straight line regression, 40 to 89 >ears, b is the smoothed regression of 
5->car means, with limits, b' (dashed lines), of standard error of estimate, 40 
to 8q } ears, the asterisk represents the average m joung normal men, with 
limits of variation (short dashed lines). (Lewis and Alving ,m ) 
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FtctRE 104 Specific gravity of the unne (without protein) in normal men over 
40 ' ears of age, derived from the concentration test of Addis and Shevk> M 
Dots indicate individual v alues, a is a straight line regression, 40 to 89 J ears, 
with limits, a' (dashed lines), of standard error of estimate, h is the smoothed 
regression of to->ear means, the asterisk represents the average in joung normal 
individuals, with limits (short dashed lines) of standard deviation (Le* s and 
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years. The concentrating ability of the kidneys, as shown by the 
urine specific gravity (corrected for protein) in 38 men after 24 
hr. of dehydration, declined from J.030 at 40 years to 1.023 at 89 
years (fig. 104). The specific gravity does not fall below the lower 
limit of 1.026 observed in younger subjects before the sixty-fifth 
year, but after this age values in the range 1.023 to 1,026 are more 
common. 

Hilden ,00, gives data on the plasma urea clearance in 8 men 57 
to 79 years of age. This clearance ranged from 102 down to 72 per 
cent of normal and the diodrast clearance from 95 down to 65 per 
cent. In 8 women 51 to 78 years old, the urea clearance ranged 
from 90 down to 63 per cent of normal and the diodrast clearance 
from 84 down to 52 per cent. The urea/diodrast clearance ratio 
remained at 0.131 in both groups, the same value as obtains in 
young adults. 

Shock 1879 and Davies and Shock 478 report an extensive study of 
renal function * in 70 males aged 24 to 89 years of age. The sub¬ 
jects were carefully selected to exclude recent or remote renal 
disease, cerebrovascular accident, coronary artery disease, syphi¬ 
lis, rheumatic heart disease, hypertension, or any recent alteration 
in body weight. At the higher ages, blood pressure was not con¬ 
sidered hypertensive unless the diastolic pressure exceeded 90 mm. 
Hg, since systolic hypertension with increased pulse pressure may 
result from dilatation and loss of elasticity in the larger arteries, 
a change commonly associated with aging. Nevertheless, only a 
tests were done on patients with systolic pressures greater than 
160 mm. Hg. 

With increasing age there is a progressive diminution in the 
inulin clearance, diodrast clearance (fig. 105), and Titid (fig. 106). 
Although wide individual differences in the effects of age on renal 
function are apparent, few subjects in the oldest group gave values 
as great as those observed in the youngest group.f The regression 
rates of function on age are given in table xm. 

* The standard error of measurement for the tests made: inulin clearance, 
6.2 cc.; diodrast clearance, 55.9 cc.; diodrast Tm, 2.0 mg of iodine. 4 '* 

t Da\ies and Shock. ha\e kindly recalculated their data in the age group so 
to 39 years for inclusion in table xn. 
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Fig t- re 105 /ibo'e average inulm dearance in rdation to age. Belov average 
diodrast dearance in relation to age. (Da\ ies and Shock*'*) 
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TABLE XIII 

Regression Rotes of Kidney Functions in Adult Men 
(Davies and Shock m ) 


Y = aX -f* b, where Y = 

the function 

, X = 

age 






Regression 


Function and units 

n * 

at 

bj 

rate 

r I! 



units/yr 


per cent § 


Glomerular filtration rate, cc/mtn. 

70 

—0 96 

153 2 

0 722 

-0.68 

Effective renal plasma flow, cc/mtn. 

70 

-6 44 

840.0 

0.906 

—0 65 

Tmp, mg. iodine per mm. 

70 

—0 40 

66.7 

0 678 

—0.66 


• Number of cases 

t Slope and regression rate of function on age. 

I Extrapolated value of Y when age is o. 

{ Per cent regression per j ear based on value at age ?o. 
|| Coefficient of correlation by product moment formula. 


The significances * of the differences between any single ad¬ 
jacent or non-adjacent decades have been summarized in figure 
108. Values of the critical ratio as shown in this figure greater than 
2.3 are significant at the 5 per cent level.f Examination of this 
figure shows that the inulin clearance, diodrast clearance, and 
Tm D in general show more significant changes between adjacent 
decades beyond the age of 40 than in early adult life. When al¬ 
ternate decades are examined, the significance of the differences is 
high for all but young adults; i.e. significant changes occur over 
20-year intervals of time. 

The filtration fraction, Civ/Cd, does not change significantly 
between the ages of 20 and 60 (fig. 106). Beyond the age of 60 a 
small but significant increase occurs. The elevated filtration frac¬ 
tion of the 70 to 79 year group may be owing to sampling errors, 
smce two aberrantly 'hig'h values occurred In this age category. 

* Critical ratios were calculated by the formula: 

CR » ~ Mn» 

«r(Mni — Mn<) 

t Significant at the $ per cent lex el means that, if the experiment were re¬ 
peated a large number of times, a difference as large as (or larger than) this 
could be expected by chance (where no true difference existed) in 5 per Cent of 
the observations. 
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Both subjects had lower filtration fractions on later tests, but the 
data from the first test was used to maintain uniformity. 




Figure 106 Abort average diodrast Tm in relation to age. Below average fil¬ 
tration fraction in relation to age (Davies and Shock* n ) 


The Cjs/Tmo ratio remains constant between the ages of 20 
and 9 o * (fig 107), but the Cd/Tuid ratio decreases from an aver- 

* A critical ratio of 03 was found b> comparing the average value for 20 to 
49 jear olds with that of the 70 to 89 >ear olds 





age value of 12.6 at age 30 to 39, to 9.7 at age 80 to 89 (fig. 107). 
The critical ratio of this difference is 4.2 (P < I per cent). 
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stant between 20 and 40 would require a much larger number of 
subjects than the present sample- It is safe to say only that there 
appears to be less difference between mean values of adjacent 
decades in early adult life than between those of later decades. 
Although the data presented by Goldring et al? n are generally 
higher than the present series when analyzed by age groups, the 
mean filtration rate of the 50 to 60 year age group is significantly 
low er than that of the third decade. 

Similarlj there is a decline in the renal plasma flow in this series, 
amounting to 53 per cent between the ages of 20 and 90 years 
The diodrast clearances reported by Goldring et al .' 91 are signifi¬ 
cantly higher than those of the present group in the third decade 
(critical ratio *= 3-55), fifth decade (CR = 2 79), and the sixth 
decade (CR = 241). However, the mean value for the 50 to 59 
year group is significandy lower than that for the 20 to 29 year 
group in the New York subjects as well as in the Baltimore group 

The change in Tmn (fig. 106) from a mean value of 54 6 mg. of 
iodine in the 20 to 29 year age group down to 30.8 mg in the 80 
to 89 year group suggests an earlier initial decrease, but sub¬ 
sequently a gentler slope than occurs in renal plasma flow'. The 
differences between the mean values for the two extremes of the 
age span are highly significant, but somewhat less significant than 
for analogous decades of inulin and diodrast clearances For this 
function a straight line easily fits between the points representing 
plus or minus 1 standard error of the mean for each decade. 
Changes in filtration rate and diodrast clearance with age are not 
so clearly linear However, with the exception of the 20 to 29 year 
group in diodrast clearance and the 40 to 49 y ear age group in 
inulin clearance, a straight line would fall within a single standard 
error of the mean of each decade. Although it is improbable that a 
straight line would represent the true curve reflecting the changes 
in these functions with age, it is evident that none of them shows a 
geometric regression 

A marked rise occurs in the filtration fraction of the 70 to 79 
year age group over the previous decades. As mentioned above, 
this may be owing chiefly' to the effect of 2 subjects who later re¬ 
turned toward normal, but a slight elevation does occur in the 
ninth decade. It is safe to assume that a number of subjects in the 
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Figure 108 Significance of functional differences in relation to age Average 
functional values by decades may be found as follows left hand vertical column, 
diodrast clearance, right hand vertical column, filtration rate, top row, filtra 
non fraction x ico, bottom row, Tmo Figures in tnangles along the border 
indicate age decades Figures in central squares indicate critical ratios of differ 
ences between age groups, as found at the intersection of 2 appropriate diago¬ 
nals \ alucs above 2 J are significant at P *» 5 per cent, and are shown in bold 
face vertical figures 

Example r To find significance of the difference between the twenties and 
forties for diodrast clearance, start at the number io in the left hand margin 
and follow the Column diagonal!) downward to the intersection with the column 
rising diagonal!) upward from the triangle marked 40, these columns meet at 
0.929 »n slant type, showing that the difference in mean values for these 2 age 
groups is not significant 

Example 2 The critical ratio of the Tmo for the thirties compared with the 
eighties is found by starting at the tnangle 30 along the bottom of the figure 
and following the column upward diagonally to the nght until it meets the 
column rising diagonally to the left from the tnangle So. These columns meet 
at 4 99 shown in hold face numbers. The difference m diodrast Tm between 
the 30- and 80-)car-old groups is thus significant (Davies and Shock 4 '*) 
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ninth decade could be found who have a filtration fraction no 
higher than that of >oung adults, but in the general population 
higher fractions ma> be most common because of the incidence of 
hypertension and heart disease The tendency for the filtration 
fraction to rise may be due to arteriolar sclerosis 

The constancy of the Cf/Tuid ratio over 7 decades indicates 
that the nephron loses its function as a unit and without the for¬ 
mation of aglomerular tubules 

The steady decline in the Cn/Tmc ratio beyond the fourth 
decade reveals that the renal tubules of men in the ninth decade 
are receiving a mean plasma flow of 9 17 cc per unit of functional 
tubular tissue, as compared with 12 6 cc in men in their thirties 
This decrease in renal plasma flow with increasing age cannot be 
attributed to a reduction in cardiac output, since no estimates of 
cardiac output, crude as they may be, have indicated a reduction 
of this order of magnitude in elderly subjects 138 Nor can it be at 
tnbuted to decreased mean blood pressure, since this tends to rise 
slightly with advancing age. It probably reflects progressive vas¬ 
cular changes in the renal parenchyma 

No data are available on renal function in relation to senescence 
m women Such data will be awaited with interest. 

Davies ” reports that the urea clearance decreases with age after 
the fifth decade in a manner parallel to the decrease in filtration rate 
and Tmp Tubular reabsorption declined throughout the 7 decades 
studied, most of this decline being related to the decreased filtration 
rate Urea production does not decrease with age, and hence the blood 
urea shows a moderate increase From this preliminary note, one infers 
that decreased renal function in old age is not related to decreased pro¬ 
tein metabolism 

CALCULATION OT BODY SURFACE AREA AND KIDNEY WEICHT 
For inter or mtraspecies comparisons of various animals, it is desirable, 
as one mode of expression, to use the body surface area The formula 
relating surface area to \ olume 

(1) S\ = h' X volume 0 69 

was dev eloped bv Meeh in 1879, if the specific gravity is assumed to be 
constant, body weight (BW) may be substituted for volume 

(2) SI = k X BW 3 66 
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where SA is in sq cm and bod> weight in gm This relationship subsc 
quently came into widespread use as an approximation equation by 
Rubner and other students of metabolism The values of k as deter¬ 
mined by various in% estigators for numerous species were collected by 
Benedict and are reported by Dubois MI rat, 91, cat, 100, rabbit 
(without ears), 9 o, dog (under 4 kg ), ji 2 (over 4 kg), 10 I, man, no 
Mice Warren* 14 * gives the kidney weight in male mice 35 to 195 
days of age as 15 2 mg/gm , in females J2 9 mg/gm 
Rat Lee 1K * prefers the use of the exponent BW° 60 and a value of 
k 12 54 over previously published data (A formula using a nutn 
tional factor is somewhat more accurate ) 

The writer calculates the KW/BW ratio in Wistar rats 50 days of 
age or older in Arataki’s 15 data to be 8 04 gm/kg in males and 8 08 
gm/kg m females Dicker 1,1 obtained a KW/BW ratio of 7 5 to 8 8 
gm/kg depending on the protein content of the diet Taking this ratio 
as 8 o and using Lee’s formula, a 200 gm rat would have 130 gm of 
kidney per sq m 

In view of some apparent differences in function in different strains, it is 
of interest that in the older Wistar strain M *KW = 000718 (B\\ rm — 3) 
+ o 132 log (BW gm — 3) — o 009 for male rats, which yields for a 300 
gm rat about 8 3 gm/kg This ratio in rats no days old or more in the 
data of MacKay and MacKay ,W7 in decapsulated, sectioned, and 
blotted kidneys is 5 44 gm/kg in males and 5 68 gm/kg in females, 
figures not to be compared with those of other investigators who did 
not decapsulate the kidney but only freed the capsule of fat The data 
of MacKay and MacKay show that adult male rats have 35 6 gm , fe¬ 
males 310 gm , of decapsulated blotted kidney per sq m The right 
kidney is a trifle heavier than the left m both sexes ** m# 

Kirkman and Stowell 1121 estimated the total filtration surface in the 
male albino rat to be 11,704 sq mm (6890 sq mm per gm of kidney) 
and from available data inferred that the urea clearance in the rat and 
man (using Book’s estimate of filtration surface in the latter) agree 
wnthin 18 per cent in terms of kidney weight, and o 2 per cent in terms 
of surface area 

Cat No formula is known to the writer which improves on the Meeh- 
Rubner equation 

Hall and MacGregor*** give the formula for kidney weight as 

( 3 ) KW, ro - 9 825 X BW fm ° n - 1 09 

or with almost as much accuracy for medium sized animals, 

(4) M\, ro - 


k X B\\ kf 
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For males weighing 3 o to 3 5 kg, k = 9 4, for females weighing 2 5 to 
30 kg, k = 7 2 The markedly larger figure in male cats should be 
noted In old males the figure is still larger (10 2) 

Rabbit Kaplan and Smith 1050 calculated from the data of Tajlor, 
Drur), and Addis on 17 rabbits that 

(5) K\\ = 8 9 X BW gm 0 68 

The figure is probabl) valid onl> between 2 and 4 kg Trom these same 
data the writer obtains the relationship 

(6) KWpn = 6-1 X BW kg 

(7) KWjn, = 89 gm/sq m 
while W W Smith ,M7 gives for 8 rabbits 

(8) KWpn 56 X B\\ llc 

Dog Cowgill and Drabkin “ made a careful stud) of the dog, and 
presented a nomogram which is superior to the Meeh Rubner formula 
and which is almost universall) used As an equation the\ recommend 

(9) S4. q em = 2 268 X BWpa 0 Um 

where L is the length from nose to anus measured over the belly 
Stewart’s’ 00 * data on 5 dogs (5 to 18 kg), in which he measured the 
surface area, yield the relation, according to Cowgill and Drabkin, 

(to) S^ m =663 B \\ cm 0 71 

and Thomas’ data on 6 dogs yield 

(n) S^ m = 748BW cm 071 

Graphical analysis of Kunkel s data for 13 dogs (5 2 to 20 o kg) m 
dicates the relationship 

(12) S4cm = 11 BWga, 0 68 

though K might well be 10 

Stewart gnes the K\\/BW ratio as 7 2 gm/Kg for 8 dogs below 8 kg, 
and 3.4 for 4 dogs above this weight In his larger senes (table 4) this 
ratio was 7 2 below to kg and 5 8 above. Calculation * from Stewart’s 
larger senes shows that, in 16 dogs weighing from 7 to 18 kg, the 
kVS/BW ratio is 6 28 gm/kg In Kunkel’s ,r7 9 dogs, weighing from 5 30 

* The wnter is indebted to Mr Charles Crowder, Jr, for these and other cal 
culations. 



CALCULATION OF BODY SURFACE AREA 


565 

to 20 00 kg, KW/BW = 73 gm/kg Moustgaard’s im senes of 88 dogs 
in the weight range of 5 to 10 kg , 10 to 15 kg, 15 to 20 kg, 2o to 25 kg , 
and 25 to 30 kg gives the KW/BW ratio as 4 72, 4 74, 4 55,4 74, and 

4 58 gm/kg, respectively Despite the notable uniformity in this senes, 
the average figure of 4 68 is in marked vanance with the other recorded 
data It is probable that differences in diet as well as differences in pre¬ 
paring the kidneys for weighing may play a part in giving nse to this 
discrepancy * The best figure based on the above data appears to be 

(13) K\V bib = 7 1 B\V kc 

Dividing (12) b> (13) yields 141 gm/sq m , a figure in fair agreement 
with (16) below 

Several calculations are possible on a surface area basis (a) Stewart’s 
data for 5 dogs between 5 and 18 kg give 105 gm/sq m as measured 
(b) Calculation of surface area by (12) yields, for 15 dogs weighing from 

5 to 19 kg, 131 gm/sq m (699 to 1766) (c) Kunkel’s data 1117 on 9 
dogs, 6 65 to 200 kg, gives 132 gm/sq m (115 to 165), the surface area 
being calculated by (9) (d) The surface area of 55 of Moustgaard’s ”** 
dogs has been calculated by the Cowgill-Dnbkin nomogram, and > lelds 
an average value of 100 gm/sq m ,(e) the surface area as calculated b> 
(9) on 88 dogs yields 135 gm/sq m , (0 if surface area 15 calculated b> 
(12) these 88 dogs yield no gm/sq m (g) Moustgaard, from data on 
88 dogs, arrives at the relation 

(14) KW fm = o i 5 B\Vk, 0 03 Lem 
Dn ldtng this equation by (9) we obtain 

OS) m =8 S3 

If we divide (15) by (12) the resulting expression 

(16) KWW., ro =34 SA, n ra 03M 

jields 129 gm for I sq m The correspondence between this figure and 
those obtained by calculations (b), (c), and (e) is remarkably good, and 
we take the kidney weight in the dog to be about 130 gm/sq m Sex 
was not specified m any instance 

Man Dubois m has presented the widely used nomograms relating 
surface area to height and weight in adults and children As a rough 

• Hall and MacGregor *'* estimate from published data that, in dogs weigh 
mg from 15 to 23 kg, K\\ * 3 14 gmAg, and the writer calculates from the 
data of Mackay ,m on 7 dogs weighing from 11-* to 30 5 kg that KV* — 3 34 
gmAg Both references are presumably to a sirgle kidney 
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approximation he recommends h = 1079 in the Meeh Rubner formula 
for adults and 10 3 for children The Meeh Rubner formula is close 
enough for general purposes, but slightly more accurately m adults is 

(17) SA = BWp, 0 425 H° 725 71 84 

Surface area m infants is given by Klein and Scammon lu * as 5 188 
BW * ra ° 75 

MacKay ,ES calculates from the data of Vierordt 5111 that man has rjl 
gm of kidney per sq m, but does not say whether he used the data on 
males, females, or both, and in the calculation he used average data 
from two independent series on bod) height and weight The writer has 
recalculated Vierordt’s data for the age groups 20 to 25 years, multi¬ 
plying the number of observ ations by the renal weight in each group, 
and obtained an average of 302 gm in men and 276 gm m women 
Greenwood and Brown ts? give the average weight of the kidney in 
healthy males 25 to 55 years of age as 303 gm (<r/m = o 1921) (The 
same sources may have been used in these two senes) In Wald’s* 1 * 4 
data on subjects dying within 24 hr of accident, with no history of ill 
ness or pathologic abnormality, at 20 to 29 )ears the average kidney 
weight in males is 313 ± 59 o, at 30 to 39 years 323 ± 570, at 40 to 
49 years 316 ± 54.4 gm , while in females the corresponding figures are 
257 ± 54 5, 250 =fc 47 6, and 258 =fc 52 8 gm Taking all age groups in 
Wald’s data, the weight of the kidney in women averages 82 per cent 
of that in men For present purposes we shall take Wald’s figures of the 
second decade (313 for men and 257 for women) as applying to I 73 
sq m , using 70 and 60 kg respectively, these would giv e 4.47 and 4 29 
gm/kg 

Lattimer reports the kidne) weight in men to be 6 68, in women 5 99 
gm/kg between the ages of 20 and 40 jears In infants these figures are 
10 2 in males and 9 90 in females All these coefficients appear to be 
high and ma) represent emanated individuals 

GLOMERULAR COUNTS 

It is of interest to relate the basal function in the rat, rabbit, dog, and 
man to the glomerular and tubular development of the kidne) This 
can onl> be accomplished by combining the data of various investiga¬ 
tors The number of glomeruli in one kidney of the adult animal (the 
number of animals is shown in parentheses) is recorded as follows (the 
number of glomeruli in the adults of all species studied remains fixed, 
and there will therefore be no correlation between number of glomeruli 
and body size within species) 
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Rat 28,000 (3), m8 31,000 (12), ” 33,826 (i),* m 30,750 (2), 1,77 
25,300 (4), !0S * 30,800 (8) 17,1 Kunke! 1177 from his data on 2 nts esti 
mated an average of 2,118,000 glomeruli per sq m , or 27,000 per gm 
KW Aratakj’s ** 6 males 100 days or more of age give 27,000, and 6 
females give 35,100 

Vimtrup's count ,1W on 1 rat gave 32,200 glomeruli per gm KW The 
weighted mean of these figures gives 30,600 per gm KW 

The total number of glomeruli m the white rat decreases by about 30 
per cent m senile animals ** M71 

Rabbit 212,269 (10), lMl 202,850 (2), 1177 207,000 (’) l7tl Hayman and 
Starr’s ,<5 maximal figures range about 200,000 Kunkel found 2,030,000 
per sq m in 2 animals For a 2 kg rabbit, Nelson’s figure and k *= 9 o 
would give 1,490,000 per sq m For a 20 kg rabbit, equation 5 gtves 
6 4 gm for one kidnc>, and the mean of the figures above gives 33,300 
glomeruli per gm KW (Kunkel obtained 33,000 in 1 rabbit with 165 
gm KW) 

Cat 182,600 ( 3 )»* ,m i 99 > 3 °° ( > ) ,7<1 Vimtrup obtained 15,200 glo¬ 
meruli per gm KW, Kunkel 9,000 (male with large kidney ? ) and 23,000 
(fern ale ? ) 

Dog Kunkel determined the number of glomeruli in one kidney in 
14 dogs to be 426,000, Rytand 1711 obtained 408,100 in 1 dog (9 I kg), 
and Vimtrup ,,M 457,500 in 2 dogs Kunkel calculates for 14 dogs (both 
kidnc}s) 1,920,000 glomeruli per sq m (as measured), or 117,000 per 
kg body weight, in 9 Kunkel obtained 13,350 glomeruli per gm KW, 
Vimtrup 13,700 tn 2 dogs 

Man 1,040,000 or 7,170 per gm KW (1), “** 955,434 (range 833,992 
to 1,233,360) (5) MM The writer has excluded from Moore’s ,<n series 2 
cases of miliar} tuberculosis and I of rheumatic heart disease, leaving 
14 kidneys from patients 1 to 38 years old, the average is 874,448 (range 
65 1 » 59 ^ to 1,040,671) Moore’s data indicate that the glomerular count 
decreases by one third to one half by the seventh decade * Vimtrup's * IM 
figures on 2 human kidneys (sex unspecified) give 6,060 and 7,470 glo¬ 
meruli per gm KW The best figure appears to be about 7000 per gm 
KW, or 2,190,000 in man and 1,800,000 in women, assuming that the 

* Moore gives the number of glomeruli per gm of cortex, but the counts were 
made on individuals djing of diseases many or some of which were sevcrel) 
wasting (chronic tuberculosis, lobar pneumonia), and the kidnejs had l>ccn 
perfused with fresh water and were edematous These figures, however, aver 
aged 15,839 in 7 women and 11,009 tn 15 men In the 7 women the total glo¬ 
merular count averaged 793,038 per kidnej, and 763 264 in the men The data 
suggest that the female kidnej has the same number of nephrons as the male 
kidney but each nephron is smaller, accounting for the amaller kidnc> weight 
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difference in renal weight is entirelj referable to a difference in the num 
ber of nephrons 

Moore ,<7J records that the number of glomeruli in the human kidney 
decreases with age, in the seventh decide it is one third to one half the 
number in young idult men 

Data from the calculations above have been brought together in 
table xiv to afford a comparison of renal function in different species 
These data indicate that, per unit of body surface area, the rat, the dog, 
and man have about the same quantity of renal tissue But man has the 
smallest number of nephrons (glomeruli), so that each nephron must 
have more tubular tissue attached to it, an inference confirmed by the 
higher value of TmpAH per nephron The filtration rate per glomerulus 
in man is also higher than in the rat, and possibl) than in the dog 
These differences almost entirel) cancel out when comparison is mide 
on the basis of kidney weight * In all species, each gm of kidne) mikes 
about the same quantity of filtrate and has about the same value of 
TmpAH Per unit of body weight, renal function is higher in small am 
mals, a fact which mi) be related to the circumstance that metabolism 
is greater per unit of body weight in small than in large animals These 
differences are reduced, if not abolished, when total function is com 
pared on 1 surface area basis, reflecting the applicability of the surface 
area law to metabolism The difference between the last methods of 
calculation m favor of the surface area basis lends further warrant to 
this method of comparison within a species md as between young and 
adult animals 

kunkel ,m gives data on the number of glomeruli in the monkey, 
opossum, ground hog, pig ox, cat, rabbit, rat, mouse, and guinea pig 
The number of glomeruli in his series correlated more closely with body 
surface area than with body weight 

Ry tand 1711 giv es glomerular counts on I elephant md 4 to 8 male 
mice, albino rats and kangaroo rats, ind measurements of the unfixed 
glomeruli suspended in serum Combining his data with those of kun 
kel, he calculates the total glomerular volume (TG\ ) and relates it to 
kidney weight and body weight, as shown in table xv 

He finds that TGY is almost a linear function of the kidney weight, 
is shown by the constancy of the ratio of the two in table xv, hence 

08) TG\ c ~ 0044 k\\ m , 10 

Rytand apparently drew his curve by visual fit and included the ele 

* It has l een noted above that relative to man the dog is deficient in respect 
to TmpAH (as judged per t nit of filtrate) hut not deficient m respect to Tm». 



570 


COMPARATIVE PHYSIOLOGY OF THE MDVEY 


TABLE XV 

Body Weight, Kidney Weight, Glomerular Size, and Glomerular Number 
in Several Mammalian Speetes 


The data for the mouse, albino and kangaroo rats, and elephant are Rytand’s. ,m 
The data for man are taken from the text, and data for other species were 
recalculated by Rytand from Kunkel ,m 








Total 





Number of 

Total 

glomerular 



\\ eight 


glomeruli 

glomerular 

volume in 


Pody 

of one 

Glomerular 

in one 

volume in 

1 gm of 

Animal 

weight 

kidney 

radius 

kidney 

one kidney 

kidney 


gm 

mg 

U 


cu. mm 

cu mm. 

Mouse 

so 

*23 

3^7 

12,430 

2.6 

21 I 

kangaroo rat 

66 

295 

48-4 

18,840 

89 

30-3 

Albino rat 

341 

746 

6l 2 

30800 

29 5 

39 5 

Guinea pig 

5*5 

1,900 

63 

75,700 

79 3 

4«7 

Ground hog 

1,110 

1,800 

695 

96/300 

135 

75 

Opossum 

2,000 

5,100 

87 5 

91,200 

256 

49 2 

Rabbit 

2^» 


7« 

207 /3CO 

310 


Cat 

I--50 

8/xxj 

66 

184/330 

1-7 

283 


25500 

75 

214 500 

379 

14-9 

Monkey 

3 860 

9/300 

83 

186,600 

447 

49-7 

Dog 

9100 

31.300 

90 

408,100 

*,247 

39 9 

Pig 

46 650 

76,-00 

83 

1,193/300 

",859 

373 

Man 

70/330 

156,500 


1/395/300 

4,599 

=9-4 

Ox 

*10/300 

640/300 

122 

3992/300 

29,860 

467 

Elephant 

4 HSfi 00 

3 650/300 

169 

7,510/300 

I5I.90O 

4» 6 


phant and excluded the mouse (fig 109) The writer has calculated the 
regression line, omitting the elephant and including the mouse, and ob¬ 
tains practically the same slope but a slightly smaller constant* 

(19) TGV co mm = 00296 K\V 021 

The elephant remains in line with this equation (fig 109) 

The exponent is so close to 1 o that it is approximately correct to 
sa>, with Rytand, that on the average there are 30 cu mm of glomeru 
lar volume (eq 20) in each gm of kidney The cat is way out of line, 
probably because of large tubules Using Vimtrup’s 11,4 figure for the 
average glomerular volume in man of o 0042 cu mm , 7000 glomeruli 
per gm would give 29 4 cu mm per gm —an agreement with Rj tand’s 
generalization that is too good to be true 

Rjtand also derives the following relations (N is the number of glo¬ 
meruli) for I kidney 

(20) 


N = 508 KW b 


0 es 
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(21) KW„ b = 8 22 BW gm 0 85 

(22) TGV eu =o 3 6BW t /“ 

Recalculation of (22), omitting the elephant and including the mouse as 
m figure 109, gives 

(23) TGV ~ o 1987 B\V tnj 0 9287 

All these relations * are probably approximate only Equation 22 
would yield for a 70 kg man 250 gm total kidney weight, which would 
be about right for women 

LOG OF KIDNEY WEIGHT IN MG 
>2 3 4 567 



12 3 4 5 6 7 

LOG OF BODY WEIGHT IN GRAMS 


Ficuxe 109 Total glomerular volume in relation to kidney weight (abosc) 
and bod> weight (below) in mammal* The data on man are calculated in the 
text (Rytand UM ) 

•The fact that the exponent in the last three equation* »* less than l o indi 
cate* lack of simple proportionalit) It should be noted, howe'er, that a log 


LOG OF TOT GLOM. VOL IN CU MM. 
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Rjtand’s inference that TGV, which he finds is fairly constant per 
gm of kidney, should be closely proportional to glomerular function, is 
supported b> the constancy of the filtration rate per gm of kidney, as 
shown m table xiv 

COMPARISON or LOWER AVD HIGHER VERTEBRATES 
In closing this chapter, it will be of interest to the student of compara¬ 
tive physiology to compare renal function in the mesonephros and meta- 
nephros, particularl) with reference to the relative importance of glo¬ 
merular and tubular activity 

It will be recalled that, in Pisces, Amphibia, Reptiha, and Aves, the 
definitive kidney, or mesonephros, receives a copious supply of blood 
from the veins of the posterior part of the bod), this venous blood per¬ 
fusing the tubules and mingling with the postglomerular blood in the 
venous channels draining the kidne>s (ch i) Unfortunately no func¬ 
tional data are available on the fresh water fishes, where the arterial 
glomerular circulation could be expected to dominate over the renal- 
portal circulation 

Nash ,soob has shown that total glomerular volume is much larger per 
unit of surface area in fresh water teleosts than in marine forms, the 
marine elasmobranchs and c)clostomes resembling the former 

It maj be surmised that under conditions of threatened dehjdration, 
such as would be faced b) the anadromous salmon or catadromous eel 
during the marine phase, glomerular activity is reduced to low levels in 
order to conserve water It is, however, doubtful that glomerular ac 
tivity ceases entirely, since it does not do so in most permanentl) ma 
nne forms, and the development of the aglomerular state in old sculpin 
must be looked upon as a developmental phenomenon related to bio¬ 
logical degeneration rather than atrophy m the individual from lack of 
function But comparison of urine flow in the salt- and fresh water clas- 
mobranchs, as noted earlier in this chapter, indicates that such an ad 
justment occurs in this Sub-class 

Glomerular function can be evaluated by the filtration rate, Cf, and 
tubular function by phenol red Tm, the onl) substance which has been 
studied in the lower vertebrates Of equal importance is the rate of per 
fusion of the tubules, since this would comprise both the renal blood 
flow through both the postglomerular and renal portal circulation For 
such comparisons, we have calculated the tubular perfusion, Gr, from 

log relationship is precarious, for almost any 2 progressive variables will yield 
an approximately linear relationship when so treated, large absolute deviations 
showing up as only small departures from the apparent logarithmic relationship 
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data on the phenol red clearance, corrected for an extraction ratio of 
o 50 (an assumed and doubtless inaccurate value). Since so little phenol 
red is excreted by filtration, neglect of this term introduces no signifi¬ 
cant error. 

The data m table xvi show that glomerular clearance is, of course, 
zero in the aglomerular toadfish and goosefish In the glomerular dog¬ 
fish (marine) the filtration rate is very low, the ratio Cr/Cis very high. 
In the fresh-water bullfrog, the filtration rate is better than ro times as 
great as it is in the marine dogfish, probabl) reflecting differences in hy¬ 
dration rather than m glomerular development, for the glomeruli are 

TABLE XVI 

The Excretion of Inuhn and Phenol Red tn Various Vertebrates , Showing 
the Relative Importance of Glomerular and Tubular Function 

Cp Ct Ct/Civ TmpR Tmpn 
cc/min cc/min. mg/day mg/ioocc 

per kg per kg per kg of filtrate 

Cold blooded, Mesonephros 


Toadfish * 

0 X 00 

13 6 

00 

Goosefish * 

O I 00 

9 3 

00 

Dogfish t (salt water) 

0 os 45 

18 0 

*5 

Frog J (fresh w ater) 

0 66 11 6 16 0 

120 O 

12 6 

Wi 

arm-blooded, Mesonephros 



Chicken § 

I 84 50 0 26 0 

1643 0 

62 

Wi 

irm blooded, Metanephros 



Rat || 

60 22 0 37 



Rabbit U 

3 t2 18 2 58 



Dogj'V 

4 29 «3 5 3 * 

495 

8 

Man || *• 

l 97 10 0 50 

288 

10 


• Ct at best a rough sura, estimated from Shannons'** 7 figures, assuming Ern — 05, other 
data from same source 

t Cjs from Shannon '*** and W \V Smith IM * C-j- from \\ \\ Smith taking Epr ■« o j. Tin pr 
from same source 

1 Cjs from Forster *" 7 on summer frogs. Cp from same source taking F n “ 1 -O TmpR from 
Forster 171 In Forster s earlier paper r ‘ he pies the inuhn clearance la winter frees as o jj cr/min. 
per kg dunng maximal walrr diuresis 

5 Cl's and Cm Irotn Fitu ' rt * taking FrR as o-$ Trent Irons the tame source 

1 Data from table xt\ taking Fpw as 10 

T Tmrct from Shannon 

•* Try a In one subject only, from S truth. Ool-lnng. and Chad, *“ 
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well developed in the latter Tubular perfusion is, however, increased 
fivefold, possibly because of an abundant postglomerular flow TmpR 
per kg of body weight is increased many times, discounting differences 
in temperature (dogfish I5°C ? , frog 20° C ? ), this increase implies 
either a greater quantity of proximal tubular tissue in the frog or greater 
specific excretory activity Despite the increase in TmpR, the ratio 
TmpR per 100 cc of filtrate is reduced as compared with the dogfish 
In the frog, glomerular activity is relatively’ more important than tubu 
lar activity 

Although the chicken has a mesonephros, the appearance of the 
warm blooded state may account for the remarkable increase in tubu 
lar activity But if Q10 = 2 o per cent (and it may be greater), a differ¬ 
ence in temperature of 15 to 39° C would only account for 325 fold 
increase, whereas the actual increase as compared with the frog is nearly 
fourteenfold The increase ts less in the filtration rate, a fact which is 
not surprising, since filtration is not temperature sensitive, but one 
which may in part be attributed to poor glomerular development 
Pitts IC4 gives the kidney weight in 2 chickens as 7 15 gmAg 1 this con 
version would give a filtration rate of 0258 cc/gm KW, a figure to be 
compared with o 46 cc in women and 0405 cc. in men It is surprising, 
in view of the structure of the glomerulus in the chicken, that this figure 
is so high The ratio Ct/Cii, remains high, showing that tubular per 
fusion through the renal portal system accounts for most of the renal 
blood flow 

For comparison, the data from mammals are reproduced from table 
xiv As noted above, glomerular activity is greater in mammals than in 
the chicken because of better vascularization of the glomeruli With the 
disappearance of the renal portal system, the ratio Cr/Cp falls to a level 
substantially below that observed in the mesonephric forms, and tubu 
lar activity, as judged by TmpR per 100 cc of filtrate, decreases to a 
value below that of the frog 

The data, meager as they are, support the interpretation that, with 
the evolution of warm blooded forms capable, unlike the bird, of elabo¬ 
rating a hypertonic unne, glomerular activity was preserved and played 
an enhanced role in the formation of unne by an extravagant process of 
filtration and reabsorption Tubular excretion became relativ ely less im 
portant, but whether this change in functional emphasis fostered the 
disappearance of the renal portal system, or whether the disappearance 
of the renal portal system fostered the increased emphasis on filtration, 
remains as yet, like so many’ problems in evolution, an enigma within 
the story of adaptation and natural selection 
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Renal Hemodynamics * 


THE NATURE OF GLOMERULAR FILTRATION 

Any approach to the problem of renal hemodynamics must start 
from certain premises concerning the nature of the processes of 
capillary transudation in the kidney. The view accepted by 
Cushny, which was based upon the contemporary views of 
Starling and which is the one now accepted by all investigators, is 
that the separation of the glomerular filtrate is the result of a 
simple process of ultrafiltration of water and its contained solutes 
(other than the plasma proteins, lipids, and other macromolccules) 
through the capillary tuft, the effective filtration pressure being 
the difference between the hydrostatic pressure within the capil¬ 
laries on the one hand and the sum of the oncotic pressure plus the 
hydrostatic pressure in the capsule on the other. This view’ re¬ 
quires that the glomerular membranes be permeable to all plasma 
electrolytes and other substances possessing significant osmotic 
pressure, for otherwise their osmotic pressure would render filtra¬ 
tion impossible. The total osmotic pressure of the plasma may be 
taken as —0.553/1.85° C. X 22.4 X 760 mm. Hg, or 5090 mm. 
Hg, whereas the pressure in the glomerulus available for filtration 
does not exceed 60 mm. 

•This chapter has been prepared with the ass'stanee of Dr. Domingo M. 
Gomez. A more detailed exposition will be presented elsewhere. 

SIS 
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In many though not all instances, changes in the renal circula¬ 
tion leave the filtration rate essentially unchanged despite wide 
variations in renal blood flow. This constancy of the filtration rate 
(under these particular conditions) might be construed as evidence 
that the properties of the glomerular membranes are such that the 
rate of filtration is independent of glomerular pressure, a hypothe¬ 
sis wholly contrary to the concept of simple ultrafiltration. We 
have no direct knowledge of the rate of passage of water per sc 
across the glomerular membranes, the filtration rate being defined 
in terms of reference substances such as inulin or creatinine. It 
might be argued that the constancy of the inulin clearance issues 
from the circumstance that the glomerular membranes so condi¬ 
tion the passage of inulin molecules that the quantity which enters 
Bowman’s capsule per unit time is constant and independent of 
the passage of water. This supposition is controverted by the 
facts, first, that inulin is present in the capsular fluid of the frog 
and Necturus in the same concentration as it is present in plasma 
water; and, second, that under controlled conditions in all species 
examined inulin is always excreted in proportion to the plasma 
concentration. There is no limiting rate of glomerular excretion of 
inulin (as in tubular excretion) and the fact that its excretion is so 
strictly dependent on plasma concentration requires the simul¬ 
taneous passage of water in equivalent amounts. When to this 
evidence there is added the similar evidence on the simultaneous 
excretion of creatinine in the dog, rabbit, etc., it may be said that 
the data require the simultaneous passage of water and inulin (or 
creatinine) in the proportion in which they exist in the plasma. 

It could still be argued, however, that the glomerular mem¬ 
branes are so constructed as to permit the passage into Bowman's 
capsule per unit time of a constant volume of water with its con¬ 
tained mulin and all other solutes, the volume so passed being rel¬ 
atively independent of glomerular pressure. (Such a system is 
roughly imitated in a ‘slow’ filter, i.e. one in w hich the resistance 
is so high that the movement of fluid is but slightly influenced by 
moderate changes in hydrostatic pressure.) Any membrane thus 
conditioning the passage of water independently of pressure can 
do so only by being relatively impermeable, and its properties 
must be such that the movement of water is conditioned by inter- 
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molecular forces such as solubility in heterogeneous phases, sur¬ 
face tension, adsorption, diffusion, etc, or cellular transport in¬ 
volving such forces (secretion), and under these circumstances it 
can confidently be expected that the passage of various molecular 
species will be differentially conditioned. The now abundant 
evidence on the excretion of inulin, creatinine, and a variety of 
other substances presents no evidence of such differential perme¬ 
ability. 

If the positive evidence is adequate to exclude the conditioned 
passage of inulin specifically, and the conditioned passage of water 
and solutes generally, then the only alternatee is to accept the 
hypothesis that water with its contained solutes moves through 
the glomerular membranes in consequence of differences in hydro¬ 
static pressure, not restrained to a significant degree by viscous 
or frictional forces This is, of course, the Starling concept of ultra- 
filtration and the accepted concept of glomerular filtration. 

FILTRATION PRESSURE EQUILIBRIUM 

The passage of water with its diffusible solutes into Bowman’s 
capsule occurs only in consequence of the fact that the hydrostatic 
pressure within the glomerular capillaries exceeds the sum of the 
oncotic pressure plus the capsular pressure. By capsular pressure 
we designate the pressure existing in Bowman’s capsule; it may be 
accepted that the compressibility of this capsule is such that the 
capsular pressure is practically identical with the renal interstitial 
pressure.* 

In conformity with the principle of ultrafiltration, we conceive 
the filtration process to be a reversible one, so that, if the pressure 
in the glomerular capillaries falls below the sum of the oncotic plus 
capsular pressure, filtration will be reversed and fluid will be re¬ 
absorbed from the capsule into the glomerular capillaries t 

• This gcnerahialion, however useful or even necessary tn the present discus¬ 
sion, should not be taken to mean that the interstitial pressure is the same 
escrywhere throughout the kidney Gottschalk (per*. com ) has shown that 
the injection of saline into one pole of the kidney in sufficient quantity to pn>. 
duce a bleb and a considerable local increase in pressure does not immediately 
increase the interstitial pressure at the other pole The kidney as a whole does 
not behasc like a completely fluid system 

1 A minimal filtration (isograsimetnc) pressure about equal to the oncotic 
pressure is demonstrable in muscle u< 




Figure no. Dias 1 ** 11 illustrating the 
tion and reabsorpnon. 
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Also in accordance with the principle of ultrafiltration, we con¬ 
ceive that it is because h)drostatic pressure is less than the sum of 
the oncotic plus interstitial pressure that fluid is reabsorbed from 
the interstitial space into the peritubular capillaries 

As the blood traverses the glomerular capillaries, the oncotic 
pressure will rise in consequence of increasing concentration of 
protein Similarl), the oncotic pressure will decrease in the peri¬ 
tubular capillaries during fluid reabsorption (fig no) Should the 
opposing pressures tending to effect filtration and rcabsorption be¬ 
come equal to each other in either of these capillar) beds, transfer 
of fluid across the membrane would cease and filtration equilib 
num would exist Considerabl) doubt exists that filtration equilib¬ 
rium is reached in either the glomerular or peritubular capillaries, 
but it will be ver> closely approached in the latter, despite the 
transfer of .a large volume of reabsorbate, because of the large 
permeability coefficient From a teleological point of Mew it is 
doubtful that filtration equilibrium occurs in the glomeruli, for 
this would waste the latter portion of the capillars plexus from 
filtration and, b> promoting reabsorption of fluid, would in some 
measure defeat the filtration process Again, teleologicall), it is 
doubtful that it would occur in the peritubular capillaries, for this 
would waste the earl) portion of these capillaries from reabsorp- 
tion and, by promoting filtration, would in some measure defeat 
the reabsorptive process Idealt), the h)dro$tatic null point or 
point of cqualit) between opposing pressures should occur m the 
proximal end of the efferent arteriole with continued fall in pres¬ 
sure distall), thus promoting maximal filtration in the glomeruli 
and maximal reabsorption in the peritubular capillaries 

FILTRATION PRESSURE 

The h)drostatic pressure in the mammalian glomerulus cannot 
be calculated dircctl) Wmton’s studies ”** on the isolated dog 
hidne) indicate that the mean glomerular pressure in this prepara¬ 
tion can a arj from 30 to 90 per cent and as erages about 60 per 
cent of the mean arterial pressure Selhurt, Hall, and Spencer ,IM 
ha\c found that the renal plasma flow and filtration rate arc well 
maintained in anesthetized (pentobarbital) dogs at arterial pres¬ 
sures ranging from 150 down to ico mm Hg, at lower pressures 
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both functions decrease, the filtration rate decreasing more rap¬ 
idly than the renal plasma flow, leading to a marked decrease m 
filtration fraction Urine flow ceases at a pressure of about 60 mm 
Hg, indicating that filtration stops at this arterial pressure Be¬ 
cause of decrement of pressure in the afferent arterioles, this figure 
throws no light on the minimal filtration pressure itself except to 
indicate that it may be of the order of 60 per cent of 60 mm Hg, 
or 36 mm Hg, 1 e somewhat above the oncotic pressure of the 
plasma (25 mm Hg), as would be required in theory since some 
pressure head is required to effect filtration and move fluid down 
the tubules 


INTERSTITIAL (or INTRARENAL) PRESSURE 
Winton “ 48 indirecdy estimated the intrarenal pressure in the 
isolated perfused dog kidney by measurements of the arteml and 
v enous pressures and the ureteral pressure in relation to changes 
in urine flow, and obtained an average figure of 10 mm Hg Dur¬ 
ing some types of diuresis the pressure rose to 20 to 30 mm Hg 
A question ma\ be raised, however, about the applicability of this 
indirect method, and especially with respect to the use of ureteral 
rather than pelvic pressures in such calculations 

Gottschalk (pers com ), using capillary pipettes of approxi¬ 
mately 100 fi diameter and noting the pressure required to cause 
minimal and re\ersible movement of fluid into the interstitium, 
obtained an average interstitial pressure of 10 mm. Hg in cats, 
rabbits, guinea pigs, and rats When venous pressure was in¬ 
creased by progressive compression of the renal vein, the inter¬ 
stitial pressure remained constant until the renal venous pressure 
approached the pre-existing intrarenal pressure and then began to 
nse At renal venous pressures above 20 mm Hg the interstitial 
pressure was at most r or 2 mm more than the renal venous pres¬ 
sure Reducing renal arterial pressure bv compression of the ab¬ 
dominal aorta had no consistent effect on interstitial pressure at 
arterial pressures of 40 to 120 mm Hg, below 40 mm , interstitial 
pressure began to decrease Death of the animal, or complete 
ligation of the renal artery, reduced the interstitial pressure and 
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the renal venous pressure to the same level, i.e. to i to 3 mm. 

Hg.* 

Ferris (pers. com.), in observations made by means of a capillary 
pipette and a 25 gauge needle with side perforations, obtained 
values of 14 and 18 mm. Hg in 2 subjects without evidence of renal 
impairment, and undetermined values greater than 45 mm. Hg in 
2 subjects with acute mercury nephrosis and anuria with visual 
evidence of renal edema. Since the renal venous pressure in man 
averages 11.5 mm, Hg, ,n * it seems reasonable and convenient, for 
hemodynamic calculations in the normal subject, to take the in- 
trarenal pressure as 10 mm. Hg. Where the renal interstitial pres¬ 
sure is increased by an increase in renal venous pressure (cardiac 
failure, etc.) on the basis of Gottschalk’s observations it may be 
taken as equal to the latter. Where renal edema is present the 
interstitial pressure may be substantially higher than the renal 
venous pressure and no quantitative statements can be made in 
advance of measurement. 

RENAL VENOUS PRESSURE 

Blake, Wegria, Keating, and Ward report that the normal renal 
venous pressure in the anesthetized (pentobarbital) laparotomizcd 
dog averages 7.7 db 1.5 mm. Hg.'** Fishman, Stamler, Katz, 
Miller, Silber, and Rubenstein **° find that in trained, unancs- 
thetized, resting dogs this figure ranges from 7 to 9 mm. Hg. This 
pressure, as measured by renal vein catheterization in 17 normal 
human subjects, averaged 11.7 mm. Hg (10 to i4.6). ,u * The point 
of zero reference in these studies was determined roentgcnologi- 
cally to average 9.4 cm. above the table top acith the subject in 
the recumbent position. 

• Bush, Coffman, Montgomery, and Swan *•* report that the pressure re¬ 
quired to force 1 to 2 cu. mm. of saline into the dog kidney through a 20 gauge 
needle with side perforations aseraged 72 mm. Hg (range 55 to 88 mm ). Simi¬ 
lar \ alues were obtained in cats and rabbits. This method m the hands of these 
insestigators )iclded intramuscular pressures of 4 to 7 mm Hg. They do not 
equate this pressure with the interstitial pressure, liowcser; it is probable that 
it represents tearing or distortion pressure uniquely related to their technique 
and hasing nothing to do with interstitial pressure. 
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Blake et al tsi found that when the rena! venous pressure was 
increased on one side in the anesthetized (pentobarbital) laparot 
omized dog, elev ation of pressure to 27 mm Hg had no effect on 
filtration rate, renal blood flow, Tmc or Titid (The increased so¬ 
dium and water reabsorption obsened bj them under these con 
ditions has been noted in chapter xxn ) In their studies on un 
anesthetized dogs with pericardial tamponade, Fishman et al find 
that renal venous pressure ma> rise to 20 mm Hg with reduction 
in filtration rate or renal blood flow The absence of hemod} namic 
effects implies that postglomerular dilatation offsets the increased 
\enous pressure. In contrast to these results, however, are those 
of Selkurt, Hall, and Spencer,"* 1 who b) similar methods (laparot 
omized dogs anesthetized with pentobarbital) found that an in 
crease in renal venous pressure from 7 5 to 22 4 mm Hg decreased 
the renal blood flow and filtration rate by an average of 15 per 
cent, a decrease that can be explained almost entirel) by the de¬ 
crease in pressure gradient across the renal vascular circuit, the 
arterial venous pressure difference decreasing by an average of 
11 5 per cent The PAH and creatinine clearances showed parallel 
reductions, indicating that elevated renal venous pressure does not 
increase glomerular pressure * 

In v lew of these conflicting results, and especiall) in view of the 
possibility of initiating changes in renal vasomotor tone b> in 
creasing renal venous pressure, it seems impossible to define the 
pure hemodj namic effects of the latter at the present time except 
to affirm the conclusion that the increase in renal venous pressure 
in chronic congestive fadure, whatever its effect on sodium re 
absorption, cannot explain the observed reduced filtration rate 
and renal blood flow f 

* \ asomotor changes in the kidney cannot be nilcd out, and it is particularly 
to be noted that in theexpenmentsofSelhurtera/ the renal plasma flow through¬ 
out the period of observation was steadily declining, falling by as much as 30 
per cent in 2 hr or so. This fact in itself implies that renal vasomotor changes 
were somehow initiated by the conditions of the experiment. 

t Maxwell, Breed, and Schwartz ,u » report an averace renal venous pressure 
of 22 mm Hg (i** 7 to 300) in 9 subjects m congestive heart failure, and, as 
noted in chapter xxn, calculation shows this to be insufficient to reduce the 
renal blood flow by more than 14 per cent, far less than is observ ed in most 
patients in failure. 
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CALCULATION OF RENAL RESISTANCE 

Smith, Chasis, Goldring, and Ranges m< attempted to treat the 
problem of renal resistances hemodynamically. They erroneously 
started with the assumption that filtration equilibrium is neces¬ 
sarily reached in the glomerulus. 

In Lamport’s subsequent treatment of this problem he 
also commits himself to the unwarranted assumption above 
and introduces a minimal factor of 20 mm. Hg plus another 20 
mm. intracapsular pressure, both opposing flow. Lamport deduces 
that the conditions required for a constant filtration rate when the 
renal blood flow is changing are represented by inverse changes in 
afferent and efferent arterioles. This does not appear to follow 
from his own equations and is contrary to hemodynamic prin¬ 
ciples. The consequences of such inverse changes are illustrated 
by figure 13 in Gomez’ m discussion of renal hemodynamics. 

Brun, Knudsen, Petersen, and Raaschou m have examined the 
process of filtration m a physical model and translated their ob¬ 
servations through hydrodynamic equations to the changes in 
renal clearances observed in the supine and erect posture. They 
conclude that the changes in clearance cannot be explained solely 
by general changes in the pressure and composition of the blood, 
but must involve changes in efferent arteriolar tone. 

The theoretic aspects of renal hemodynamics have subsequently 
been treated in detail by Gomez as a subordinate phase of gen¬ 
eral hemodynamics, ,M and the following working equations for the 
calculation of renal resistances have been derived by him from 
that analysis. 

The application of hemod>namic theory to the calculation of 
segmental resistances requires certain simplifying assumptions, 
without which no evaluation whatever can be attempted. These 
assumptions involve the following considerations: 

a. The blood flow is a linear function of pressure only when 
both flow and pressure are relatively large, and the calculation of 
resistances is meaningful only under such conditions. It would 
seem that one can safely treat flow and pressures down to al>out 
one-third and two-thirds of their respective normal values (i.c. 
400 cc. for renal blood flow and 60 mm. Hg for mean arterial 
pressure). 
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b. The specific coefficient of permeability of a membrane is de¬ 
fined as the rate of movement of fluid across a unit area per unit 
pressure per unit time (cc. per sq. cm. per mm. Hg per sec.). The 
gross permeability coefficient is the product of the specific perme¬ 
ability coefficient times the total surface area. In comparing two 
individuals, or the same individual under different circumstances, 
it must be assumed that the gross permeabilities of both the 
glomerular bed and peritubular capillaries remain constant, and 
an approximate numerical value must be assigned to the former. 
This assumption of constant gross glomerular permeability is not 
applicable to glomerular disease (glomerulonephritis, nephrosis, 
intercapillary glomerulosclerosis, eclampsia, etc.) and in such in¬ 
stances valid hemodynamic comparisons with the normal kidney 
cannot be made. 

c. The interstitial pressure will in theory remain relatively con¬ 
stant within certain limits of renal blood flow, but it will be de¬ 
pendent on the venous pressure, as specified above. A numerical 
value must be assigned to the interstitial pressure, an assignment 
that can be made, so far as the normal kidney is concerned, on the 
basis of Gottschalk’s studies. 

d. During filtration, the oncotic pressure of the plasma is in¬ 
creased, and this increase may affect or in turn be modified by a 
shift of water between the red ceJJs and the piasma. This shift is 
here neglected and the change in oncotic pressure in the glomeruli 
is related simply to the fraction of plasma water filtered. 

The values of total glomerular permeability, interstitial pres¬ 
sure, and renal venous pressure that must be assumed for purposes 
of calculation are within wide limits not critical in influencing the 
qualitative changes in calculated resistances. 

e. For practical purposes the renal circulation may be divided 
into five functional segments: 

I. afferent arterioles 

a. glomerular capillaries 

3. efferent arterioles 

4. peritubular capillaries 

5. venules 
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Since these segments are arranged in senes, each segment inde 
pendent!) contributes its quota of resistance to the total resistance 
between the renal artery and vein In general, variations m the 
resistance offered b) any segment may be conceived as resulting 
chiefly from variations in the total cross-sectional area of that 
segment, but they will generally be accompanied by pissiveh 
induced changes m caliber, and therefore in resistance, of other 
segments 

Hemodymamic theory does not at the present time permit us to 
calculate the local resistance of the glomerular capillaries or the 
peritubular capillaries as individual segments, and their con 
trtbution to total renal resistance must therefore be subsumed in 
efferent and venular resistance, respectively But because of the 
large number of capillaries involved in both segments, and the rel 
atively slow movement of blood in each capillarv, their absolute 
contribution to resistance is small in comparison with that of the 
afferent and efferent arterioles and the venules 

Neither can an exact anatomical locus be ascribed to these seg 
ments Rather this locus must be defined functionally, the af 
ferent resistance as the resistance of the arterial and arteriolar bed 
and some undefined fraction of the glomerular resistance, the 
latter having a small value relative to the whole, the efferent rc 
sistance as the residual glomerular resistance (again very small) 
plus the resistance of the efferent arteriole and an undefined frac 
tion of the resistance of the peritubular capillaries (again very 
small), and the venous resistance as the residual peritubular capil 
lary resistance plus the resist mce of the venules and veins down 
to the vena cava (or renal vein) where the renal venous pressure is 
measured 

The total renal resistance is equal to the sum of the segmental 
(senes) resistances and, in conventional hemodynamic terms, may 
be calculated as the effective perfusion pressure divided by the 
blood flow 


■ Pr 


X « R A + R'c - 1 - Rv 


0 ) 


Q 
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where R = total renal resistance (dynes. sec. cm. -5 ) 

Ra = afferent resistance (dynes, sec. cm. -5 ) 

R'e ~ net efferent resistance (dynes, sec. cm. -5 ) (to be de¬ 
fined below) 

Rv ** venular resistance (dynes, sec. cm. -5 ) 

P m =* mean arterial pressure (mm. Hg) 

P T = renal venous pressure (mm. Hg) 

Q = renal blood flow in cc/sec. (all values of Q and of the 
filtration rate, q, must be corrected to 1.73 sq. m. be¬ 
fore incorporation into the equations, because sur¬ 
face area does not factor all the terms in equations 
6, 8, and 10.) 


The factor 1328 serves to convert blood pressure units (mm. 
Hg) into absolute units of resistance and is derived by multiplying 
the acceleration of gravity, G (980.6 cm. sec. -2 ), by the weight 
of 1 mm. of Hg (1.3546 at 20 0 C.), this product yielding dynes/sq. 
cm. or barys, which when divided by cc/sec. yields dynes, sec. 
cm. -5 

Equation 1 directly yields the total renal resistance, R, by its 
second member through the clinically determinable values, P B > 
P T , and Q. 

VENULAR RESISTANCE, Rv 

In order to convert the third member of this equation into one in¬ 
volving clinically determinable data, the first step is to note that 
the venular resistance, Rv, is the decrement in pressure between 
the peritubular capillaries and the renal vein, divided by the renal 
blood flow*. Assuming that filtration equilibrium has been very 
closely approximated in the peritubular capillaries,* the hydro¬ 
static pressure as it enters the venules may be taken as equal to 
the oncotic pressure plus the interstitial pressure: 


(*) 



X 1328 


H + h - P r 

Q 


x 1328 


* As must be the case where 85 to 99-f- per cent of the water of the glomeru¬ 
lar filtrate «s reabsorbed by these capillaries. 
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where P t = the mean hydrostatic pressure at the end of the peri¬ 
tubular capillaries 

P v = the renal venous pressure (or vena cava! pressure 
near the outlet of the renal vein) 
h = the mean oncotic pressure in the peritubular capil¬ 
laries (to be defined below) 

H = the interstitial pressure 

P v , if known, is to be taken as measured, or, in the absence of in¬ 
creased peripheral venous pressure, the normal approximate aver¬ 
age value of 10 mm. Hg may be used; h may be obtained from the 
protein concentration of systemic blood by applying the following 
relationships: 

(3) = 

where C A *= the plasma protein concentration (in gm/ico cc.) in 
afferent blood 
Q' «= the renal plasma flow 
q = the filtration rate (both in cc/1.73 sq. m.) 

Ce «= the plasma protein concentration in the efferent 
glomerular blood 


The mean protein concentration, C m , in both the glomerular 
and peritubular capillaries may be taken as the arithmetical mean 
between C A and Cn: 



The mean oncotic pressure is calculated from the following em¬ 
pirical formula 


<S> 


h *= AlC. - a) 


where A is a factor having the dimension of pressure. This term 
has been determined from the relationship between oncotic pres¬ 
sure and plasma protein concentration in normal subjects, as re¬ 
corded by Wells, Youmans, and Miller, m ‘ to have an average 
value of 5.0. 
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In respect to H, a choice must be made between the alternate e 
conditions of low and high renal venous pressures where P v is less 
than 10 mm Hg, H maj be taken as constant and equal to 10 
mm , where P T is equal to or greater than 10 mm , H may be taken 
as equal to P v with the important qualification that H may be 
greater than P v in renal disease (constrictive perinephritis, etc) 
or in the presence of renal edema 

NET EFFERENT RESISTANCE, R'e 

In speaking of the efferent resistance, it will be observed that a 
quantity, q, of fluid is shunted around the efferent arterioles by 
glomerular filtration and tubular reabsorption into the peritubular 
capillaries, this quantity normally amounting to about 10 per cent 
of the renal blood flow We must, therefore, distinguish between 
what would be the true efferent resistance were this shunting ab¬ 
sent, and the net efferent resistance as calculated with due al¬ 
lowance for the shunt 

The true efferent resistance. Re, and the compound total per¬ 
meability of the glomerular and peritubular capillaries are re 
lated in such a manner that Re is equal to the quotient of the 2 
parallel shunts, q and Q — q, divided by X, the gross permeability 
of the glomerular capillaries 

(6) Re = MQ"-q) X 1328 

The approximate value of X is 00812, this value (which is the in 
verse of a resistance) being derived from the average filtration rate 
of 130 cc/min and the assumed intraglomerular pressure of 60 
mm Hg * Any error in this assumed value will affect all calculated 
resistances equally so long as H is fixed and therefore will not dis¬ 
tort the calculation of relative resistances 

The net efferent resistance, R'e, is that presented by the parallel 
combination of the efferent arteriolar segment and the shunt 
through the glomerulus and peritubular capillaries R'e, Re, and 
X are connected through the conventional relation for parallel re 

* X = p ^ where P* is the glomerular pressure, here taken as 60 mm 

Hg, q is here taken as * 167 cc/sec, h as 25, and H as 10 mm Hg 
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sistances by the equation 

(1 R , Re X 1318 Re 

W E XR e + 1328 " XR n f t 

1328 

Substituting (6) in (7) 

(8) R'E = RE^p 

AFFERENT RESISTANCE, Ra 

From equation (1) 

(9) Ra - R “ (Rv + R'f) 

Alternatively, replacing R, R\, and R'e by their respective 
values as obtained from the second member of (1), from the third 
member of (a), and from (8), 

(»> R A =I|?[ p m -( H + h + 3 )] 

all the terms of which are clinically determinable.* 


GLOMERULAR DYNAMICS IN THE NORMAL HUMAN KIDNEY 
NORMAL VALUES OF RENAL RESISTANCES 

Normal values of renal resistances, calculated from the averaged 
data on renal clearances recorded on normal subjects by Goldnng 

* In this derivation, plasma flow is to be taken as cfjual to the diodrau or 
PAH clearance uncorrected for I'd or Ffah In the normal kidne), the fact 
that E is less than 1 o ma) be in great part attributed to shunting of blood 
around the excretory tissue of the kidne) (1 e. through the pen renal fat, cap¬ 
sule, etc.) and this cxtrarcnal circulation ma> be treated as a shunt, the re¬ 
sistance of which, R*, is 

(it) ^ ™ _ j.jQ X * 3 -S 

The net parallel resistance, Rw, of the kidne) including this shunt is then 
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et a!™ bj assuming P m = 90 mm Hg, are given as senes 1 m table 
xvii Senes 11 of this table represents similar calculations from the 

TABLE XVII 

Renal Resistances 



Normal subjects 

Hypertensn 

c subjects 


Senes I 

Senes II 

Senes III 

Percent 


Data from 

Data from 

Data from 

increase 


Goldnng 

Bolomey 

Bolomey 

relative 


et a! m 


et a! ™ 

to senes II 


X 10* 

X jo* 

X 10* 


R 

5 31 

6 97 

17 2 

147 

Ra 

l 99 

3 »7 

11 3 

256 

R E 

1 66 

1 91 

2 98 

56 

Rv 

1 66 

1 88 

2 98 

58 

averaged data recorded bj Bolomey et al , S07 using the observed 


average blood pressure of 92 mm Hg 

Figure hi shows the mean pressures to be expected at the end 
of vanous renal segments when all cntical terms are given arbi 
trary values 

ESSENTIAL HYPERTEVSIOK 

Average clearance data on 26 subjects with essential hypertension 
(Pm = 145 mm Hg) are given b) Bolomej et al ,<n The renal re 
sistances calculated from the mean values for the entire senes are 
given in table xvii It will be seen that, relative to senes 11, in 
these h>pertensive subjects R is increased b> 147 per cent, R4 b) 
256 per cent, R E by 56 per cent, and Ry by 58 per cent 
Were the ‘normal’ hidnej, represented by senes 11, perfused at a 
mean pressure of 145 mm Hg, as in the h> pertensive subjects, and 
the resistances not changed, the filtration rate would he increased 
from 123 to 178 cc , the renal blood flow from 1052 to 1545 cc , and 
the filtration fraction from o 190 to o 280 

Coni erselj, were the perfusion pressure of the hypertensive hid 
ney (series hi) reduced to the normal value of 92 mm Hg (as m 
senes 11), the filtration rate would decrease from 79 8 to below 38 
cc and the renal blood flow from 670 to below 378 cc , these ter 
rnina! figures probablj being too high because of the passive dmu 
nution in the diameter of the vessels at the reduced pressure 
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riGUtc lit. Pressure gradients m renal Circulation, calculated for the selected 
'nines of Ra* R'e and R\ as shown, and II •* 10 mm Hg, C* *■ 65 gm/100 
cc The initial value of h for the mid-curve is 24 mm. Hg, this term varjing 
with the imposed new resistances 

RES'At ISCHEMIA AND IJVPEREMIA 

Numerous data arc available on the diodrast and inulm clearances 
in normal subjects under various conditions of renal blood flow. 
These data may be divided into three groups: (1) observations 
made during standard conditions by Goldring rt a! which "e 
shall designate as ‘basal,’ with the reservations concerning the use 
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FiccitE ii— The filtration rate in normal subjects in relation to the renal 
plasma flow during basal conditions, ischemia induced by adrenalin and pyrexial 
hyperemia . _ . 

On the assumption that diodrasr Tm, which is a measure of the total tubular 
excretory tissue in the kidney, is closely proportional to the total renal weight. 
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of this word stited b) the authors, (2) observations made during 
the reduced renal blood flow' induced b> adrenalin, ncosjnephnn, 
and marked apprehension, and here referred to as ‘ischemia’, and 
(3) observations made during the increased renal blood flow in 
duced b) the p> rexial reaction and here designated as ‘h) pcrcmia ’ 

These data are presented in figure 112 Each datum contained 
in the ‘basal group is the average of 3 or more consecutive clear 
ance periods, each subject being recorded as often as examined 
Each datum referable to ‘ischemia’ or ‘hjperemia’ is the average 
of at least 2 successive clearance periods obtained during reduced 
or increased renal blood flow, each subject thus contributing sc\ 
eral data from each occasion on which ischemia or h>pcrcmia was 
induced Goldring et al reported, in 35 men and women, the aver 
age value of C^/Tmo s= 2 56 d: 028 cc/mrn , for purposes of 
comparison this mean is indicated b> a solid line with twice the 
standard deviation (dashed lines) This mean ratio includes onfv 
observations made under ‘basal conditions, and in its calculation 
each subject enters onl> once, thus contributing to the mean onl> 
his or her average behavior 

It is evident from figure 112 that the ratio Ci\/Tmi> at all renal 
blood flows is adequatelj contained within the statistical param 
eters of the ‘basal data It maj therefore be said that the filtra 
tion rate remains essential!) constant during ischemia and hv 
pcremia induced b> the measures specificall) stated (It is not irn 
plied that this constanc> will obtain if ischemia or h> pcremia is 
induced b> measures other than those stated, and indeed such is 
not the case) 

In consequence of the constanc) of the filtration rate, the 
filtration fraction shows a reciprocal relation to renal blood flow, 

a companion of the lnuhn and diodrast clearances jn terms of the res T 'rttivc 
value of diodrast Tm in various suljccts isequ valent lo comparing the filrrat < i 
rate and rena! rlasma flow per unit weight of kidney The I ea\> 1 ne represents 
the mean normal \ alue of the ratio Ctv/Tmp, the dotted l ncs the mean ” 

Each datum represents the average of 2 or more clearance perods each 
sulject fum sh ng several data on each mn nation under ischemia or hypcrc 
mia. 

The hexagon is an arbitrary area which encloses per cent of the lava! 
observations, p'mith, Chat s Goldnng and Ranges***•) 
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the two variables, Ci\/Cd and Cd/Tidd, necessarily generating a 
rectangular hyperbole as shown in figure 113 



Ficure 113 The filtration fraction in relation to renal plasma flow per unit Tmo- 
The solid curve represents the course of the filtration fraction if the filtration 
rate remains constant (see fig 114). it if Crs/Co* Cd/Titid = Cijj/Tmn ■= 
2.56 The dotted lines represent this mean value ±la The hexagon is an arbi 
trary area which contains 95 per cent of the normal data obtained under basal 
conditions under adrenalin, the filtration fraction nses above the limits of the 
hexagon, during hyperemia it falls below, but in both instances it remains 
within the normal parameters (Smith, Chasis, Goldnng, and Ranges ,w *) 

The hemod>namic sequence in the ladnej which gnes nse to a 
relationship such as is shown in figures 112 and 113 can best be 
grasped from figure 114, which represents the changes in filtration 
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Figvxe 1*4. Calculated filtration rate in relation to renal Hand Sow (A) when 
the efferent romance afone i* changed, (BJ »hers the afferent rcvarancc ahtfte 
i* changed, and (C) when lioth fetmar.ee* are charged proportionally. At the 
norma! point of departure the renal cbaractermiea are a» follow*: R A •• t.^i 


600 000 1000 1200 1400 1600 1800 2000 
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to be expected from changing only (a) efferent arteriolar resist¬ 
ance, (b) afferent arteriolar resistance, and (c) by equal changes in 
both segments In constructing this figure, arbitrary values were 
taken for the median point, the renal blood flow, filtration rate, 
R a , and R'e, while Rv was taken as constant throughout When 
the renal blood is reduced by pure efferent constriction, the filtra 
tion rate increases This is because any increase in R' E is accom¬ 
panied by an increase in glomerular pressure and consequently m 
the filtration fraction Conversely, when the renal blood flow is 
reduced by pure afferent constriction the filtration rate decreases 
Exactly equal changes in R'e and R A result in only a moderate in¬ 
crease in filtration rate as the renal blood flow is decreased from 
large to small values lying within the physiological range of hy¬ 
peremia and ischemia, shown in figure 112 

The changes in filtration fraction corresponding to the fore¬ 
going changes in resistance are shown in figure 115 

It must be concluded that, contrary to the conclusion of Smith 
etal , IW< the functional changes in renal blood flow associated with 
hy peremia and adrenergic ischemia represent approximately equal 
changes in R A and R'e, disregarding changes in Rv 

Data derived from unpublished studies by Gomez, Maxwell, 
Fishman, Morales, and Crowder, obtained during the intravenous 
infusion of adrenalin are given in figure 116 The data shown at A 
give the segmental resistances in absolute units during the control 
period Moderate reduction in renal blood flow was effected by 
adrenalin at B without reduction of filtration rate This is perhaps 
the most frequently observed effect of moderate doses of adrenalin, 
as shown in figure 77 At this time R A had increased by 19 2 per 
cent, R'e by 37 7 per cent, and Rv by 34 5 per cent At C, where 
the renal ischemia was most marked and the filtration rate was 
somewhat reduced, these increments were Si 6, 496, and 1093 
per cent respectively 

Thus the most marked effect of adrenalin at the peak of its 


to*, Re = i 66 x io* and Rv = 1 66 x ic*, Cr = izo and RBF = 1200 cc/msn., 
H — 10 mm Hg The initial value of the mean oncotic pressure, h, is 54 mm 
Hg but this value is dependent on the changes in res stance which are imposed 
on the sjstem, being determined by the denved values of filtration rate and 
renal plasma flow 
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action was upon the venular resistance, the effect on the efferent 
segment being intermediate in intensity. (It cannot be supposed 
that this is the invariable action of adrenalin; larger doses might 
have a qualitatively different effect.) This increase in venular rc- 



Tioure Uf. Filtration fractions corresponding to the data in figure II4. 

sistance increases the pressure in the peritubular capillaries and 
opposes the rcabsorption of water, leading to an increase in the vol¬ 
ume of the interstitial fluid. It is this expansion of the interstitial 
fluid, rather than an increase in volume of the glomeruli, which wc 
conceive to be the explanation of the paradoxical increase in vol¬ 
ume of the kidney under the action of adrenalin as first described 
by Richards and Plant.* 5 ** 

Figure 117 shows a normal subject examined during pjrcxi.il 
hjperemia induced by the intravenous administration of 75 mil- 




59^ RENAL HEMODYNAMICS 



FwrxE 116 Changes in renal resistances in a normal subject during the mtra 
\ enous administration of adrenalin. (Gomez, Maxwell, FisKman, Morales, and 
Crowder, unpub data) 


hon triple typhoid saccine The patient had been premedicated 
with amidopjnne, 10 grams ever) 4 hr from noon the da) before 
until 8 am on the da) of the test (see also figures 83 and 84) As 
usual, renal hyperemia follows onl) after a long latent period At 
B, about the time at which the chill would have occurred in an un 
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premeditated subject, tbe blood pressure decreased significantly, 
tiiis period of hypotension being accompanied by a transient re¬ 
duction in the filtration rate. At B, R A had decreased by 34.7 per 
cent, while R'e and Ry had increased by 102 and 169 per cent, re- 



Ficufcr 117. Changes in renal resistances in a normal subject during pjrcxial 
hjperemia. (Gomez, Maxwell, Ilshman, Morale*, and Crowder, urpub data) 


spcctivcly. At C all 3 resistances had decreased by 52.7, 44, and 
$S per cent respcctn e!). 


COSCrSTIVF HFART FAILURE 

Figure 1 iS shows observations in a subject in the edematous state 
of chronic congestive heart failure. As noted in chapter xn, in this 
condition the renal blood flow and filtration rate are markedly re¬ 
duced. In this particular patient, all resistances were increased 
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over normal, R t somewhat more than R* and R'r Paracentesis of 
3700 cc of ascitic fluid had no effect on renal function, and 
neither did phlebotomy, despite the fact that the latter caused a 
decrease in peripheral venous pressure from 30 to 20 mm H g. 



Ficere i 18 Renal resistances in a subject in the edematous state of conges¬ 
tive heart failure. Renal plasma flow and filtration rate in this patient are at 
the lower limit of accuracy for the use of hemodynamic equations and the esti¬ 
mated values of R maj be inaccurate. (Gomez, Maxwell, Fishman, Morales, 
and Crowder, unpub data) 


These studies show that all three vascular segments are involved 
in spontaneous changes in renal blood flow and in those which ac¬ 
company adrenalin ischemia of moderate intensity and pyTexial 
hyperemia * The present data lead us to infer, and at the moment 
it can be no more than an inference, that the muscularly active 

* It may be recalled that adrenalin ischemia and pyrexial hyperemia are 
essentiall> unmodified in the denervated human kidne) (ch xiv) 
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segments of the renal circulation, the afferent and efferent ar¬ 
terioles and veins, comprise an integrated system which generally 
operates, in the interests of glomerular-tubular balance, to main¬ 
tain a constant filtration rate. In view of the evidence of the 
autonomy of the renal circulation (ch. xiv) this integration ap¬ 
pears to be worked out between these vascular segments essen¬ 
tially without extrarenal aid. It will bear repeating that, by the 
present evidence, the chief consideration in glomerular-tubular 
balance appears to be the maintenance of salt and water balance. 
But, apart from implications involving the extracellular fluid (ch. 
xi), how these changes in the renal vasculature are initiated re¬ 
mains a mystery, and it is therefore impossible at the present time 
to interpret the changes in pathological states such as essential 
hypertension and congestive heart failure. 



Part IV 




CHAPTER XIX 


Limitations of Clearance Methods during 
Disturbed Renal Function 


In interpreting the results obtained in the diseased kidney by 
clearance methods, the limitations of these methods must be 
clearly kept in mind. These limitations were emphasized by the 
writer Im in an early paper which has apparently not been too 
widely read. 

It will aid in this discussion if certain concepts arc given sharp 
definition, even though these concepts may prove to be over¬ 
simplified (fig. 119). 

One may speak of a normal , active nephron as one in which the 
glomerulus and tubule are functioning in the formation of glo¬ 
merular filtrate and in the tubular excretion or rcabsorption of 
some particular solute. The glomeruli and tubules of normal 
nephrons may become partly or wholly inactive as a result of local 
ischemia without losing their potentiality for immediate return of 
function on the restoration of an adequate Mood supply. 

An atfomerular tubule is one in which excretory function and 
urine formation persist after destruction of the adjoined glo¬ 
merulus. There is as yet no functional evidence of the existence of 
aglomerular tubules in the normal or diseased human kidney. It 
remains to be demonstrated whether or not the mammalian 
nephron, which normally reabsorbs water, can under any circum¬ 
stances excrete it, and the tubular excretion of water must he pre- 





6qS limitations of clearance methods 

supposed if the term ‘aglomerular nephron* is to have any sig¬ 
nificance. If water is excreted by the tubules in the mammals, tu¬ 
bules temporarily rendered inactive by functional cessation of the 
attached glomeruli might fall in this category. In the absence of 
tubular water excretion, such inactive nephrons would fall in the 
category of inert tissue. 



Ficcxe 119. Types of nephrons to be expected in the normal and diseased kid¬ 
ney. (Smith mi ) 


An impotent nephron is conceived as one in which the tubule re¬ 
mains anatomically intact and connected with an active glomeru¬ 
lus and a patent collecting duct, but in which the capacity to re¬ 
absorb or excrete one or more substances has been lost. It is pos¬ 
sible that the tubular transport of some test substance (diodrast, 
PAH, etc.) might be lost without the transport of other substances 
being affected, but in general unfavorable circumstances, such as 
ischemia, toxic substances, atrophy, etc., may be expected to af¬ 
fect all mechanisms of tubular transport in any one tubule cell in a 
quahtatively similar manner. Where all tubular reabsorptive ac¬ 
tivity is lost, the tubule would act as a passive conduit to drain 
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glomerular filtrate into the urine- The occurrence of large num¬ 
bers of impotent nephrons is indicated in the early recover)* phase 
following anuria, where a dilute urine, not differing greatly from 
glomerular filtrate, is excreted. Permeable nephrons, in which glo¬ 
merular filtrate continues to be formed but all or nearly all of the 
constituents, including water, escape through injured tubules, 
would fall into the above category, but would not contribute to 
die formation of urine. 

Obstructed nephrons represent those in which protein casts have 
obstructed the tubule or collecting ducts. Presumably the earlier 
portions of such rubules would suffer some merense in permeability 
or loss of transport power. 

Non-cxcrerory renal tissue perfused by blood flowing from the 
renal artery to the renal vein may be designated as inert tissue. 
This would include the renal capsule, perirenal fat, non-excretory 
circulatory channels through the renal pelvis and calyces, im¬ 
potent nephrons, permeable nephrons and obstructed nephrons, 
as defined above, and fibrotic glomeruli and tubular fragments 
generally. 

Since there arc two million-odd nephrons in the two kidneys, it 
is self-evident that no overall method of examination can directly 
reveal what is occurring in individual nephrons. Impairment in 
any clearance function may be the result of the partial reduction 
of function in all nephrons or the complete reduction of function 
in a few. Conversely, constancy of function does not imply con¬ 
stancy in all contributing nephrons, since function may be in¬ 
creased in some nephrons at a time when it is decreased in 
others. 

Since a variable quantity of water is reabsorbed by the tubule, 
it is impossible, either in a single nephron or in the total kidneys, 
to deduce from the urine flow how much water has been filtered 
from the blood. The rate of filtration can be deduced in either 
case only by means of an appropriate standard of reference, 
namely a completely filtrable solute winch is neither reabsorbed 
nor excreted by the tubule; and, in turn, the selection of this 
standard of reference can be made only by a comparison of clear¬ 
ances of various substances with different diffusion coefficients! 
and potentialities for tubular rcabsorption or excretion. 
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In the diseased kidney, an increase m permeability of the tubule 
maj permit the escape of water from the tubular urme without 
permitting the escape of inulin, and, conversely, a decrease in per 
meabihty of the glomerular membranes maj retard the filtration 
of mulin without proportionally retarding the filtration of water, 
in either case, the differential movement of water cannot be de¬ 
tected by changes in Ci\, although, if decreased glomerular per 
meabihty can be ruled out, it maj conceivably be deduced b) the 
comparison of the mulin clearance with the clearance of some 
smaller molecule. The parallel behavior of urea and inulin in all 
stages of chronic diffuse glomerulonephritis indicates that the re¬ 
duced excretion of both substances is primarily attributable to the 
obliteration of glomeruli rather than increased bach diffusion of 
urea In acute nephritis, however, the urea/inuhn clearance 
ratio may be abnormal^ low, indicating increased permeability 
to urea and possibly some increased permeability to multn 
Lastly, it is conceivable that filtration may continue in a glo¬ 
merulus after the attached tubule has become separated from its 
collecting duct, or that the tubule may become so permeable that 
all the constituents in the glomerular filtrate, including inulin, 
escape into the interstitial fluid rather than the urine The inulin 
clearance represents only such inulin as is passed into the bladder 
and w ill reveal nothing of these circumstances Whatever sigmfi 
cance the complete local reabsorption of glomerular filtrate may 
have in renal pathology, it remains beyond the possibility of 
examination as long as only the total urine is available for anal) sis. 

The PAH (or diodrast) clearance has been defined as the virtual 
volume of plasma completely cleared of PAH per unit of time 
This virtual volume is less than the actual renal plasma flow 
through the kidney as a whole, because some blood passes from 
renal artery to renal vein (normally about 9 per cent) by way of 
inert tissue Inasmuch as the PAH clearance approaches in mag 
mtude the total renal plasma flow, it affords a method of measur¬ 
ing the latter, subject only to the qualification that the extraction 
ratio (normally 91 per cent) remains constant 

If a nephron loses its excretory power, the blood which once was 
cleared by that nephron may, through diffusion of PAH or cir 
culation of interstitial fluid, continue to be cleared by neighboring 
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normal nephrons. With regard to diffusion, a concentration gra¬ 
dient will be established between the capillar)’ adjacent to the im¬ 
potent tubule and some other normal tubule; as long as the plasma 
concentration of PAH is constant, the actual time required for a 
PAH molecule to move the length of this gradient may be neg¬ 
lected and the radius of effective diffusion may be conceived to be 
limited only by a physical interruption of the diffusion freeway. 
The PAH cleared by a particular tubule may have diffused out of 
a remote capillary, and the concentration of PAH in that capillary 
will continue to decrease as the blood moves distally. 

With regard to the circulation of interstitial fluid, it will be 
noted that, out of 127 cc. of filtrate formed each minute, the 
greater fraction is reabsorbed by the tubules and must pass across 
the interstitial space to the capillary bed before it re-enters the 
blood. It is scarcely probable that this circulation of interstitial 
fluid occurs along the shortest possible point-to-point route; on 
the contrary, there must be a considerable streaming between or 
along the tubules, which is aided by the arterial pulse. This 
streaming will not only accelerate the movement of PAH from 
capillar)' to excretory tubule, but it may also increase the radius 
of clearance considerably beyond that which diffusion alone 
would permit. Although diffusion and circulation of renal in¬ 
terstitial fluid must play an important role in normal renal func¬ 
tion, they are possibly of greater significance in the diseased kid¬ 
ney* _ 

It is conceivable that loss of excretory activity may occur in 
large areas affecting many tubules, in short stretches of single tu¬ 
bules, or even in single tubule cells, and, except for the first cir¬ 
cumstance, interstitial circulation may be important in maintain¬ 
ing a high extraction ratio. This appears to be the case, for ex¬ 
ample, in essential hypertension, where Ejun remains norma] de¬ 
spite considerable destruction of excretory ttssuc as measured by 
TmrAit- 

Any circumstance that restricts the circulation of interstitial 
fluid (increased intrarenal pressure, edema, perinephritis, etc.) 
would be equivalent to a reduction in actual blood flow to such 
areas in the kidney as might be dependent on this circulation 
rather than on a direct blood supply for their perfusion. Hut in 
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general it need not be expected that the extraction ratio will neces- 
sanl> decrease pan passu with focal injur) of tubular tissue 
The increased volume of plasma that is made av ailable for clear¬ 
ance b) normal tubules in consequence of the formation of im 
potent nephrons will appear in clearance tests as an apparent hv- 
peremia of the residua! functional tissue (increase in Cpah relative 
to Tiupah), but, unlike the hyperemia resulting from dilatation 
of the renal arterioles or increased perfusion pressure, this ap¬ 
parent hvperemia raaj not afford the normal tubules a propor 
tionatel) increased suppl) of ox>gen, etc , and it seems advisable 
to distinguish it from true hvperemia (vascular dilatation) b\ 
qualifying it as a vicarious clearance Failing vicarious clearance, 
die destruction of renal parenchvma without parallel destruction 
of the vascular bed will tend to reduce the extraction ratio of PAH, 
and this ratio mav, in the diseased kidne>, hav e any v alue betw een 
the normal value and zero In considering the diseased ladne) as 
a whole, the PAH clearance will have no certain relation to the 
total plasma flow unless it is corrected b\ the extraction ratio * 
This circumstance does not, however, impair the usefulness of 
the clearance method, on the contrary, under these conditions the 
clearance method acquires unique ph> siological significance It 
will aid the reader to visualize the argument if, as an extreme ex¬ 
ample, it is imagined that an inert tube is inserted between the 
renal arter> and the renal vein of a normal kidnev, so that some 
large fraction of the renal arterial blood passes directlv to the 
renal v em b> w a> of this tube Since the clearance method depends 
upon the presence of living excretor) tissue to remove P.AH from 
the blood and excrete it m the unne, in the absence of knowledge 
of the extraction ratio, this method will not rev ea! how much blood 
passes from renal arter) to renal vein through the inert tube Nor 
will the tube begin to excrete PAH when the plasma concentration 
is raised, i e. it will not on!) fail to contribute to the PAH clear 
ance such P AH as is earned b) the blood passing through it at low 
concentrations, but it will also fail to contribute to Tiupah when 

* Th s arcvmstxrcc was recogrired in our description of the diodrast 

clearance method 1,11 and was the basis of the definition of th s clearance as 
the renal b’ood, i e. the ~irtual volume of b’ood that is completely’ cleared 

of diodrnt. 
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this is measured at high plasma concentrations. These same con¬ 
siderations apply to blood exclusive!) perfusing inert tissue; * if 
particular PAH molecules are not brought into effects c juxtaposi¬ 
tion with functional excretorj tissue for clearance at a low plasma 
concentration, in general f they will not be made available for 
clearance simpl> in consequence of increasing the plasma concen¬ 
tration; i e. any tissue incapable of excreting PAH at low plasma 
concentration will not acquire excretory capacity because of an 
increased PAH concentration In general, therefore, where the 
plasma concentration is the only changing factor , inert tissue is 
excluded from both the PAH clearance and Tmpui; hence, in the 
measurement of these two values, the same vascular and inter¬ 
stitial channels arc involved, and the two values refer to the same 
nephrons or lesser units of excretory activity. Whether Tm PA n is 
conceived in terms of entire nephrons, individual cells, or hjpo- 
thctical cxcrctor) units of minimal dimensions is immaterial; the 

•The terms ’exclusive!) perfusing’ exclude diffusion through and circulation 
of the interstitial fluid, while the terms ‘inert tissue' exclude normal tubular 
tissue which is inactive simply because of ischemia or because it is presented 
onl) with blood that has prcviousl) l>een cleared 

t It is possible that a decrease in permealnlit) of the capillaries, interstitial 
tissue, or tubule cell, or some change in the tubular excretory mechanism it¬ 
self, could retard the movement of PAH from blood to tubular urine, s rce the 
Wood is available for clearance m the pcntubular capillar) for only a brief 
penod, this retardation would lower the fraction of the PM I removal durtnp 
its passage down this capillar) But, whether the retarding factor is a positive 
bamer (i e. relative!) impermeable connective tissue) or a negative fault (eg 
failure of the tubule cell to handle all molecules presented to it), it is reasonable 
to expect that the retardation would operate on an) and all mo'eculcs with 
statistical indifference, with the result that the clearance probabilit es for an) 
particular molecule would not be increased by increasing the number of mo'c- 
fules. 

I xceptions to this statement are conceivable, one m ght imagine that at a 
low concentration so large a fraction of I*Ml was abio'bcd on the plasma j ro- 
tein that escape from the cap Hary b) diffusion was greatly retarded ard the 
extraction ratio correspondir,U reduced, if, at some higher roncentratw n tie 
platma pre terns l»ccame saturated, the dilution of PM! from the cap-JJary, 
and eo*-vcquentI) the extraction ratio, wrou* i be increased *• nee pn ton t-r f 
irg is a function of jlasna conccniraticn, this particular * *uatun, chosen f r 
illustration onlv, is net to be expected in practice Whether or n r, as a mJt 
of d lease, a chan/e in the Vmctics of the tulndar exerrt* r) process crndJ t aic 
th t a nsnjurnce i* urdcfernimed, but it would «rn that if r f id'm ran |v 
exam ned b) the progrrsTsvc elevation of the plasma PM! level *«utH t tra 
lw**i as have been recorded to date have sup} bed no evidence of this sit-apon 
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ratio CpAn/TmpAn expresses the virtual quanat) of plasma com¬ 
plete!} cleared of PAH per unit quanat} of the excretor} tissue 
which is effecting the clearance Hence Cpui and TmpAH have the 
same significance in the diseased as m the norma! hidne), m which, 
as emphasized above, there is already some inert assue and some 
uncleared blood, if in disease a larger proportion of blood perfuses 
inert tissue and escapes uncleared, the significance of this ratio re¬ 
mains unchanged 

Thus, a reduction m the overall extraction ratio of PAH in the 
diseased hidne) does not senousl} impair the usefulness of the 
clearance method On the contrar}, this method is the onJ} one 
capable of determining the volume of blood cleared b} such func¬ 
tional excretor) units as are inextncabl) mixed with scar tissue, 
tubular detritus, connective tissue, etc, a datum upon which no 
information could be gained by the measurement of the total renal 
blood flow When the PAH clearance is referred to the total quan¬ 
at} of available functional tissue b) ualizadon of the rado 
CpAn/TmpAn, a datum is obtained that m most instances will be 
qualitative!) and quanatativel) comparable with observaaons 
made on the normal hidne)s Even in normal subjects, Cp A n 
should be related to TmpAH in order to take into account the varv- 
mg quanaaes of excretor) tissue that maj be expected to occur in 
different individuals 

Although the PAH clearance perse cannot afford a reliable index 
of the total renal plasma flow in the diseased hidne), because of 
the possible reduction in the extraction ratio, if the extraction 
ratio is known, the total renal plasma flow can be calculated by 
dividing the clearance b) the extracaon ratio (i e C PA H/EpAn) 
This remains reliable m principle so long as both terms can be ac¬ 
curate! v measured, but in practice a large error is involved when 
the extraction ratio is small because this term must be determined 
b) difference \\ hen the extraction raao is zero, the calculation of 
course becomes mathemancall) absurd 
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OSMOTIC DIURESIS 

All vertebrates can excrete a untie that vanes from marked h) po- 
tontcit) to isotomcit) with the blood, whereas onl> mammals,"** 
and to a lesser extent birds,"*' can elaborate a h)pcrtonic urine 
'I hermod) nanuc work, is performed in the elaboration of a dilute 
urine b) abstracting unnar) solutes from water, and in the elabo¬ 
ration of a hjpertome urine b) abstracting water from unnarj 
solutes In l>oth eases the energ) is prcsumablv derived entircl) 
from the metabolism of the tubule cells 

\mong the mammals, the active (distal) rcabsorption of water 
can produce a urine with considerable osmotic pressure When the 
distal load of water is small, the extent to which the distal unne 
can be concentrated is apparentl) limited b\ the total osmotic 
pressure of the tubular unne, the osmoticaliv active constituents 
that arc not reabsorbed will prevent the complete rcabsorption of 
water and thus place a lower limit upon the rate of unne forma 
tion Normallj the chief osmoticaliv active constituent of the 
urine is urea, and it is perhaps to the advantage of the organism 
that at ver) low urine flows a considerable fraction of the filtered 
unne is reabsorbed, since in extreme dchvdration this circum 
stance permits water excretion to decrease to lower levels than it 
otherw ive coul l 
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The expression ‘osmotic diuresis’ has been used to designate the 
increased urine flow evoked b> the intravenous administration of 
hj pertonic sodium chloride, sodium sulphate, urea, sucrose, man 
nitol, etc , during marked glucosuria and under other similar con 
ditions where the urine is loaded with an osmoticallj active con¬ 
stituent However, the expression should not be interpreted as 
indicating that the urine under these conditions is maximall) con¬ 
centrated, on the contrarj, with the progressive development of 
diuresis the osmotic pressure of the unne decreases, approaching 
that of the plasma as a limiting value During all osmotic diuresis 
the urine is more dilute than during oliguria, when the excretion 
of all substances is minimal The mechanism of osmotic diuresis 
must be sought pnmaril) m the proximal sj stem, where the os¬ 
motic agent reduces water reabsorption b> its osmotic action,* 
and, b> dilution of the proximal urine, retards the reabsorption of 
sodium which now adds its osmotic force to that of the pnmar) 
agent in opposing the reabsorption of water | Consequent!}, the 
quantitj of water delivered to the distal tubule exceeds its re 
absorptive capacitj and the excess is excreted in the urine 

Under normal conditions of hjdropenia, the osmotic pressure 
of the urine is determined b> the relative quantities of water and 
solute (chief!) sodium chloride) reabsorbed b) the distal tubule 
Activation of the distal tubule by ADH leads to maximal water 
reabsorption and consequent^ to maximal concentration of the 
urine Water continues to be excreted m small amounts either (a) 
because of the local restraint offered b) the osmotic pressure of 
urea and other unnar) constituents (limiting osmotic pressure of 
the unne in the strict sense), or (b) because the load of water de¬ 
livered from the thin limb into the distal tubule exceeds by some 
small amount the reabsorptive capacity of the latter (osmotic 
diuresis) Despite difficulties, (a) and (b) can probably be dis- 

* Shannon » M was apparently the first to state explicit!) that an> unreab¬ 
sorbed, osmot call) activ e agent in the glomerular filtrate would retard the re 
absorption of water in the proximal tubule. 

| Stchle and Melville**” have used glucose and mercury b chloride d ures s 
in an attempt to obta n unne flows in the dog equal to the rate of filtration 
The) made no attempt, however, to measure the filtration rate and their esti 
mated filtration fraction of 13 per cent is only about half of the known value. 
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tmguished, and wc shall first consider the circumstances associated 
with (b) 

Evidence has been presented in chapter xi that, as the load of 
water delivered from the proximal svstem to the distal tubule is 
increased, distal reabsorption remaining fixed in rate, a progres¬ 
sive!) smaller fraction of this water is reabsorbed and the osmotic 
pressure of the bladder urine approaches that of the proximal 
urine (or plasma) 111 The load of water delivered to the distal tu 
bule will be conditioned not on!) b> proximal water rcabsorptton 
but, proximal reabsorption remaining constant so far as sodium 
and water are concerned, b) the filtration rate Thus, during max 
imal ADH activity the urine flow ma> be expected to be in some 
measure sensitive to the filtration rate Shannon s " ,l ,,e3 data 
show that (a) in a normal dog during the post-diuretic phase, the 
urine flow returns to oliguric levels onl) when the filtration rate 
(and distal load of water) decreases, and independent!) of the 
urine chloride concentration and osmotic pressure, (b) when a 
diabetes insipidus dog that is receiving large amounts of ADM 
(20 to 200 milhumts/hr) is given water, the urine flow increases 
with the filtration rate but without concomitant increase m uri 
mrj sodium, chloride, or osmotic pressure, (c) when a diabetes 
insipidus dog is given saline, tile urine flow increases with in 
creasing filtrition rate, again independent) of the concentration 
of sodium in the urine The facts all conform with the foregoing 
interpretation 

The fact that during osmotic diuresis the urine is relatively di 
lute has been recorded b) several investigators Shannon **“ ob¬ 
served that, during glucose diuresis in the dog, the glucose con 
centntion in the unne was Jess than 5 per cent (A « —o $17° C ), 
although thedoghidnev during phvsiofogicilobguria can elaborate 
a unne with A •= —3 o° C A in the urine of the rabbit maintained 
on a diet of oats, bran, and cabbage averaged —2 543 ±0536*0, 
with an extreme value of — 3 C ,* u and vet during sucrose di 
uresis combined with ADM the maximal v alue is a!*out o S° C 
During dehvdration A in the unne of the rat mav reach —4 5° C , 
hut during sodium chlondc or urea diuresis this figure decreases to 
—2 7° C or less This phenomenon does not occur in the ncwlsom 
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animal (rats and human infants) because during oliguria the unne 
has an osmotic pressure scarcely more than that of the plasma ***• 

*s» >17 «*« m« im 

Adolph ** found that during starvation and thirst the maximal 
concentration of the unne in man w as about i 2 osm but the max 
imal concentration of chlonde during thirst, when sodium chlonde 
was ingested, was o 662 osm , and 0782 when urea was ingested 
Similarl), Black, McCance, and Young im and McCance r “ 
found that when the intake of sodium chlonde was reduced below 
the normal level in men enduring water depnvation for 3 to 4 
da>s (or when urea was administered), the average osmotic pres¬ 
sure of the urine remained so near!) constant that the) regarded 
it as maximal and considered the oliguna to be limited b) this 
osmotic pressure However, when sodium chlonde was admin 
istered, the chlonde content of the urine rose to its recognized 
maximum of about 034 M/liter and the urine volume was in 
creased, the osmotic pressure decreasing below the maximal value 
observed on a low sodium chloride intake 

McCance and his coworkers *•’ 1,941,09 initially believed that the 
total amount of osmotically active materia! claiming excretion de¬ 
termines the minimal unne flow onlv if the excretion of sodium 
chloride does not exceed 20 mg/mm (°9 gm/day), but, after the 
administration of sodium chlonde, when the concentration of the 
salt in the urine nses to its maximum, the sodium chlonde concen 
tration alone may set the lower limit to water output Further 
studies,*” however, led McCance to abandon this view When 
unnar> concentrations under conditions of deh>dration were com 
pared with those observed after the oral administration of sodium 
chlonde, or after sodium chlonde combined with the intravenous 
administration of sucrose, it was found that the maximal osmotic 
pressure w as reached onlj at low unne flows As diuresis increased, 
the osmotic pressure decreased in a manner suggesting a hmita 
tion involving 'a constant amount of osmotic work per unit time ’ 
It is more in keeping with all the facts, however, to believe that 
the unne flow is independent of the nature of the solute, and that 
the curve relating urine flow to osmotic pressure merely reflects 
the reabsorption of an approximate!) constant amount of water 
from the isotonic proximal unne 
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The same relations arc display ed more cxtcnsiv cl) in the data of 
Rapoport, Brodsky, West, and Mackler,*' ' lt " who studied the 
osmotic pressure of the urine in boys under conditions of hydro- 
peniT and after the administration of urea, glucose, creatinine, 
sorbose, mannitol, x\lose, sucrose, sorbitol, sodium chloride, so¬ 
dium sulphate, or sodium p ammohippunte Trom oliguria to cx- 
treme osmotic diuresis, the rate of unne flow bears a fairly uniform 
curvilinear relation to the urinary load of solutes, expressed as 
mosm/mm The authors apply to this relationship an empirical 
exponential equation based upon the facts, first, that the urine 
concentration decreases as the load (LIV) increases, and, second, 
that the urine concentration decreases toward that of the plasma 
as an asymptote There arc, howc\cr, an infinite number of path¬ 
ways by which the asymptote may be approached, and the selec¬ 
tion of the simplest exponential function, as made by these au 
thors, is arbitrary and justifiable only on the grounds of conven 
icnce The facts that the equation so constructed permits the pre 
diction of loads representing maximal thermody nanuc 'work,' and 
that low ‘work* coincides with low flows, give their equation no 
physiological significance since these deductions would issue from 
any other equation of an aswnptotic character 

The fact that the urine concentration decreases as the load (UV) 
increases may be related, in the present a lew, to the fact that as 
proximal diuresis increases and floods the distal system, the opera¬ 
tions of the latter in reabsorbing water, being limited in rate, be 
come of diminishing importance in chancing the composition of 
the proximal unne, and with large flows the osmotic pressure of 
the bladder unne must approach that of the proximal unne, which 
under these conditions is itself isosmotic with the plasma Ana 
calculation of the precise osmotic pressure to be expected in the 
unne at \*anous stages of osmotic diuresis must take into account 
the load of solute and w ater delis cred to the distal s> stem and the 
limitations in the reabsorption of solute and water b\ the latter 
Such a calculation cannot profit ibis be made until the operations 
of the distal ssstem are better understood 

Mans oHerobser\auonsma\ be reinterpreted in the light of the 
facts -those. Thus the ol»cnations of Dwics, Hal lane, and 
1’cskctt that the maximal unnary concentration of chlondc <r 



6l8 DISTURB \NCES OF SALT AND WATER BALANCE 

bicarbonate, or of mixtures of the two, m man is about 033 
M/Uter (o 561 osm ), appear to be related to osmotic diuresis Had 
the salt been given in larger doses, a lower concentration would 
have resulted The fact that a higher elec troll te content (o 50 
M/liter) can be obtained if phosphate is mixed with chloride or 
bicarbonate ma) be owing to differences in the ionic actmtv of 
phosphate salts Similarl), Gilman and Kidd 7,1 found that after 
the ingestion of 1 5 to 24 per cent solutions of sodium chloride in 
dogs the Inchest concentration of chloride attained in the urine 
was approximate!) 031 M (o 527 osm ) and appeared to be little 
influenced b> the rate of unne flow, but, in the light of our present 
knowledge of osmotic diuresis, a higher concentration would have 
been expected at lower filtration rates and lower salt loads In 
their experiments the maximal concentration of urea was 
1 33 osm 

Gamble and his coworkers 7417< * found that rats which were al 
lowed water ad Itbtlum and to which various salts and non-elec- 
troljtes (sodium, potassium, chloride, bicarbonate, phosphate, 
sulphate, glucose, galactose, and creatinine) were administered 
orall) excreted urine of essentiall) constant osmotic pressure, 
w hereas if urea w as the predominant constituent of the urine more 
concentrated urine was formed But the interpretation of these ex 
periments is rendered difficult, first, b) the fact that the kidne) 
was not under stress to reabsorb water, and second, b) the fact 
that the water intake maj be governed b) the mechanism of thirst 
without reference to the abilit) of the kidne) to excrete a more or 
less concentrated unne, and third, b) differences in the filtration 
rate The rat can excrete a more concentrated unne than was ob¬ 
served in an) of the foregoing expenments, and tt is open to ques¬ 
tion if that limit is ever reached with water ad libitum 

THE LIMITING CONCENTRATION OF THE URINE 

The view generall) prevalent heretofore, that during osmotic di 
uresis the unne is maximally concentrated m the sense of having 
a maximal U/P ratio with respect to urea, sodium chlonde, or 
some other substance, has, for reasons now’ clear, led onK to con 
fusion To carry out such studies, investigators have administered 
solutes in var)ing amounts and thus inadvertentl) induced var)- 
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ing degrees of osmotic diuresis. Actually, the more urea or sodium 
chloride given, the lower the osmotic concentration of the resulting 
urine. The limiting osmotic concentration of the urine can, in the 
present view, be determined only during oliguria, under conditions 
where the load of water delivered to the distal tubule is less than 
the maximal rate of reabsorption, and where the only factor limit¬ 
ing the reabsorption of water is the osmotic gradient between the 
urine and plasma. These conditions have rarely been fulfilled, and 
indeed it is difficult to sec how they can be realized if the concen¬ 
tration of any solute destined for excretion is elevated significantly 
in the glomerular filtrate. 

MAXIMAL SPECIFIC GRAVITY 

At best, the specific gravity of the urine is only a blunt index of the 
degree of concentration because various solutes contribute so dif¬ 
ferently to the specific gravity. Addis and Shevky ,* u in the de¬ 
velopment of the concentration test named after them, made 94 
observations on 75 normal persons, most of whom were medical 
students, and obtained an average maximal specific gravity of 
1.032 rfc 0.00281 in a short-period sample collected after 24 hr. of 
abstinence from water or liquid food. All measurements were 
above 1.026, and in 95 per cent of the subjects on ordinary diets 
the specific gravity was 1.028 or above. A specific gravity below 
1.026 under the conditions of the Addis-Shcvky test may be con¬ 
sidered abnormal. In a similar study of Lashmet and NVru burg, 11,1 
all normal subjects concentrated urine to t.026 or above. The 
specific gravity of 24 hr. urine samples from 10 normal subjects 
living; under moderate climatic conditions and with no dietary re¬ 
strictions varied from 1.0279 to 1.0265 because of variable water 
intake, but after water deprivation for 12 hr. the figure rose to the 
range of 1.028 to 1.033. The contribution of the various solutes 
to the specific gravity of these urines was examined by Miller, 
Price, and Ivonglcy.*** 1 Statistical analysis reveals that the specific 
gravity of acid urines collected at random is higher (1.023 db 
0,0047) than that of alkaline urines (1.013 — 0.0048).*** The con¬ 
tribution that individual substances make to the specific gravity 
of the urine on an equimolecular basis has also been reported by 
Price t: a /. ,M * 
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Hayman, Shumway, Dumhe, and Miller Wl report specific grav¬ 
ities in the urine of female dogs as high as 1.069, with a mode at 
1 040 to 1 049, all the unne excreted during 24 hr. of deh>drarion 
being used White and Hembecher* m report the maximal figure 
in dogs deh)drated for 24 hr. as i.c6S, to be compared with 1.039 
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Figcx-E lio Relation between spontaneous unne flow and the osmotic pressure 
of the unne in a rormal dog on a low protein diet Each point represents a 
single experimental observation The line drawn horizontally at —A = o6o° C. 
represents the mean of a series of plasma observations obtained durinz moderate 
dehydration These relationships are not fixed in any animal but will sarv de¬ 
pending upon »anatiors in filtration rate, food and salt intake. (Shannon •'«) 

in diabetes insipidus dogs and 1.040 after total h) poph) sectomy. 
The maximal specific gravit) in the white rat appears to be about 
1.056 (20 osm).* 1 * 

MAXIMAL OSMOTIC CONCENTRATION’ IV MAY 

During h\dropema and in the absence of osmotic diuresis, the 
concentration of the spontaneous unne in man maj reach 1.4 osm. 
The maximal figure indicated b> Adolph v is about 1.2 osm ; by 
McCance/ ** 1.4 osm.; by Gamble and Butler/ 17 a * 1.4 osm.; and 
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by Rapoporr, Brodsky, West, and Macklcr, 1 " 9 1 .30 (range 1.2 to 
1.4 osm.). More recently, Rapoport, Brodsky, and West 1,71 ex¬ 
amined the urine of 15 boys, 8 to 15 years of age (26 collection 
periods of 30 min. each), who were fasting and had reccive <3 no 
water for 16 hr. The average urine flow was 0.49 d= 0.03 cc/min. 
(705 cc/day) per 1.73 sq. m. The average urine osmolarity was 
1.182 afc 0.01S osm. and the plasma osmolarity 0.304, giving an 
osmotic U/P ratio of 3.89. With the reservation that allowance 
must be made for individual variation, we may take the maximal 
osmotic pressure of the urine in man as 1.4 osm. (A » 2.50); 
setting the concentration of the plasma at 0.33 osm., the maximal 
osmotic U/P ratio would be 4.2. The osmotic pressure of the urine 
in a normal dog at various rates of urine flow is illustrated in 
figure 120. 

Data on other species are given in chapter xvii. 

RFNAL OSMOTIC WORK 

Since von Rhorcr’s calculation in 1905 of the ’osmotic work’ re¬ 
quired in the urinary concentration of a single component, this 
problem has been treated by several investigators. More detailed 
analyses have been undertaken by Borsook and Winegarden 
and New burgh. u#i 14,1 The osmotic work of the kidney, ther¬ 
modynamically conceived, is done in converting the glomerular 
filtrate into urine. The theoretical minimal work is thermody¬ 
namically independent of all intermediate steps in the proccs-* of 
urine formation and may be calculated from the rate of urine for¬ 
mation and the U/P ratios of the various urinary constituents, 
exclusive of substances synthetized by the kidneys, such as am¬ 
monia. 

The calculation of renal osmotic work in terms of the compoxi- 
tion of the final urine, however, necessarily ignores all intermediate 
steps in urine formation. For example, in the formation of the 
glomerular filtrate, energy is expended endothermically upon the 
plasma in concentrating the plasma proteins, this energy being 
supplied by the heart through the arterial pressure- 'Hie greater 
part of the water of the glomerular filtrate Is reabsorbed from the 
interstitial fluid (after transfer to that point by the tubules) by 
the osmotic pressure of the postglomerular plasma, an exothermic 
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process m which the plasma proteins are redilated approximately 
to their original state Thus, apart from the separation of a small 
quantity of water from the plasma as urine water, the net work 
done upon the plasma proteins is nil Yet a significant and cal 
culable quantity of cardiac energy has been expended m this cycle, 
as shown by the decrease in pressure between the glomeruli and 
the renal \ein The same consideration applies to nearly all the 
normal constituents of the urine Some uoo gm of sodium chlo¬ 
ride, 425 gm of sodium bicarbonate, 150 gm/day of glucose are 
filtered, to be reabsorbed almost wholly by the tubules It has 
been demonstrated that the reabsorption of all three substances 
involves an active process requiring the expenditure of enemy b\ 
the tubules That water is also ultimately reabsorbed, possibly in 
great part by passite diffusion, does not abolish the requirement 
for this energy expenditure Physiologically, the work repre 
sented by the composition of final unne is an almost negligible 
fraction of the work it is known that the kidney must do in order 
to make that urine, and the calculation of the so-called minimal 
thermodynamic work has no more significance As Borsook and 
\\ megarden SM pointed out, the work so calculated represents only 
about 1 per cent of the probable metabolism of the kidney as cal 
culated from the oxygen consumption This is not to say that the 
efficiency of the kidney is only 1 per cent, the kidney s efficiency 
may be \ery high indeed—it is the thermodynamic approach in 
terms of final unne that is only 1 per cent efficient * 

Tor the reasons given above, no great significance can be at 
taclied to critical unne \olumes representing alleged ‘minimal 
work mvm ® or, in the absence of an accurate fractionation 

of proximal and distal reabsorption, to estimates of thermody 
namic work in these segments ltti Minimal thermodynamic work 
would be done by the kidney only if it excreted 187 liter/day of 
glomerular filtrate, for then all the energy would be supplied by 
the heart and the renal work would be zero 
The belief has been expressed from time to time that a high pro¬ 
tein diet is injurious to the kidney in renal disease *« This question 
cannot be debated here, but without prejudice to the answer dim 
cally it may be said that the use of a low protein diet cannot be de 
* Mudge fl al * " have noted the phy % ologicai inadequacy of such calcufat ons. 
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fended on the grounds that it reduces renal work by reducing the 
quantity of urea requiring excretion. The work so saved represents 
but a very small fraction of the total work of the kidnej, which is 
not appreciably increased, as judged by the oxygen consumption, 
by urea or other osmotic diuretics (eh. xxvn). 

It is impossible at this time to analyze the significance of the 
changes in urine composition effected by changes in perfusion 
pressure, or during urea and Ktnger solution diuresis m the per¬ 
fused kidney, as studied in the painstaking experiments of Eggle- 
ton, Pappcnheimer, and Winton. 111 

WATER DEPRIVATION* AND PHYSIOLOGICAL OLIGURIA 

Two tjpes of dehjdration may be distinguished. That resulting 
from simple water deprivation is characterized b\ thirst and 
oliguria; unless extreme, it does not lead to impairment of the 
circulation and is completely relies cd by the administration of 
water. Deh)dration resulting from abnormal salt loss is accom¬ 
panied in the early stages by reduction of extracellular fluid and 
plasma volume, and by circulatory insufficiency. It is not neces¬ 
sarily accompanied by thirst and cannot be relieved bj the ad¬ 
ministration of water alone, but requires salt as well as water for 
correction. m * ,,,T m * 

It has been noted in chapter in that, although the filtration 
rate in both the dog and man tends to decrease during dch)dration 
and to increase during excessive hjdration, these changes do not 
appear to be an intrinsic part of the mechanism of water diuresis. 
Black, McCance, and Young 1 ” found that dehjdration for 3 to 
4 dais, uncomplicated by starvation but sufficiently severe to 
make the subjects lose 4 to 7 per cent of the ixxly weight, reduced 
the filtration rate slightly in 3 subjects (—12 to 28 per cent) and 
made no difference in a fourth. 'Hie renal plasma flow increased in 
3 and decreased slightly in 1. At variance with these observations, 
Kenny ,m reports that when no free fluid is taken for 2 or 3 di> s, 
dehydration leads to hcmoconccntration of about 7 or S per cent, 
referable to loss of plasma water without change in the circulating 
red cell volume. He finds that the filtration rate decreased by 
37, and 2S per cent in 3 norma! subjects, and the renal plasma flow 
by 41,37, and 33 per cent, respectiscl>. The filtration fraction in- 
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process in which the plasma protans are rediluted approximately 
to their original state Thus, apart from the separation of a small 
quantm of water from the plasma as urine water, the net work 
done upon the plasma proteins js ml Vet a significant and cal 
culable quantity of cardiac energy has been expended in this c\cle, 
as shown b> the decrease in pressure between the glomeruli and 
the renal vein The same consideration applies to nearl) all the 
normal constituents of the unne Some i ioo gm of sodium chlo¬ 
ride, 435 gm of sodium bicarbonate, 150 gm/daj of glucose are 
filtered, to be reabsorbed almost wholly b) the tubules It has 
been demonstrated that the reabsorption of all three substances 
inyolves an active process requiring the expenditure of energy by 
the tubules That water is also ultimatel) reabsorbed, possibly in 
great part b) passive diffusion, does not abolish the requirement 
for this energ) expenditure Phj siologicallj, the work repre¬ 
sented b> the composition of final unne is an almost negligible 
fraction of the work it is known that the kidnej must do in order 
to make that unne, and the calculation of the so-called minimal 
thermod)namic work has no more sitnuficance As Borsook and 
Winegarden * H pointed out, the work so calculated represents only 
about 1 per cent of the probable metabolism of the kidney as cal 
culated from the oxjgen consumption This is not to saj that the 
efticienc) of the kidnev is onl> 1 per cent, the kidne) ’s efficiency 
ma> be ver> high indeed—it is the thermodynamic approach in 
terms of final unne that is only 1 per cent efficient * 

For the reasons given aboye, no great significance can be at 
tached to critical unne volumes representing alleged ‘minimal 
work ,m ,i!# or, in the absence of an accurate fractionation 

of proximal and distal reabsorption, to estimates of thermodv 
namic work m these segments 11,1 Minimal thermodjnamic work 
would be done bj the kidnej onlj if it excreted 187 hter/da) of 
glomerular filtrate, for then all the energ} would be supplied bv 
the heart and the renal work would be zero 
The belief has been expressed from time to time that a high pro¬ 
tein diet is injurious to the kidnev in renal disease 14 This question 
cannot be debated here, but without prejudice to the answer chni 
call) it ma> be said that the use of a low protein diet cannot bcde 
Mudge et a! have noted the phys ological in adequacy of such calodac ons- 
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fended on the grounds that it reduces renal work by reducing the 
quantity of urea requiring excretion. The work so saved represents 
but a very small fraction of the total work of the kidney, which is 
not appreciably increased, as judged by the oxygen consumption, 
by urea or other osmotic diuretics (ch. xxvii). 

It is impossible at this time to analyze the significance of the 
changes in urine composition effected by changes in perfusion 
pressure, or during urea and Ringer solution diuresis in the per¬ 
fused kidney, as studied in the painstaking experiments of Eggle- 
ton, Pappenheimer, and Winton 585 

WATER DEPRIVATION AND PHYSIOLOGICAL OLIGURIA 

Two types of dehydration may be distinguished. That resulting 
from simple water deprivation is characterized by thirst and 
oliguria; unless extreme, it does not lead to impairment of the 
circulation and is completely relieved by the administration of 
water. Dehydration resulting from abnormal salt loss is accom¬ 
panied m the early stages by reduction of extracellular fluid and 
plasma volume, and by circulatory insufficiency. It is not neces¬ 
sarily accompanied by thirst and cannot be relieved by the ad¬ 
ministration of water alone, but requires salt as well as water for 
correction. 1186 - 1387 1499 

It has been noted in chapter m that, although the filtration 
rate in both the dog and man tends to decrease during dehydration 
and to increase during excessive hydration, these changes do not 
appear to be an intrinsic part of the mechanism of water diuresis. 
Black, McCance, and Young 182 found that dehydration for 3 to 
4 days, uncomplicated by starvation but sufficiently severe to 
make the subjects lose 4 to 7 per cent of the body weight, reduced 
the filtration rate slightly in 3 subjects (—12 to 28 per cent) and 
made no difference in a fourth. The renal plasma flow increased in 
3 and decreased slightly in 1. At variance with these observations, 
Kenny 1118 reports that when no free fluid is taken for 2 or 3 days, 
dehydration leads to hemoconcentration of about 7 or 8 per cent, 
referable to loss of plasma water without change in the circulating 
red cell volume. He finds that the filtration rate decreased by 26, 
37, and 28 per cent in 3 normal subjects, and the renal plasma flow 
by 41,37, and 33 per cent, respectively. The filtration fraction in- 
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creased markedly in the first and third subjects, but not in the 
second 

During water deprivation, concentrated urine continues to be 
formed at a minimal rate—the ‘urine obhgatoire* of Ambard and 
Papin Under conditions avoiding osmotic diuresis, this minimal 
urtne flow is presumably determined by the solutes requiring ex¬ 
cretion and by the limiting osmotic concentration of the urine 

The fate of various unnary constituents at low urine flows pre 
sents some uncertainties Chesley *" reports that when the urine 
flow falls below o 35 cc/min , the urea U/B ratio becomes fixed at 
an average figure of 91 5, and hence the clearance becomes di 
recti} proportional to V Consequently he proposes that in oh 
guria, 'minimal* urea clearances be calculated in an arbitrary man 
ner comparable to the standard clearance, 1 e by using the ob- 
sened U/P ratio and assuming V — o 35 cc, disregarding the 
actual value of V The average normal minimal clearance so cal 
culated is 32 cc/min McCance MM has pointed out, howe\er, that 
within the range of Chesley’s ‘minimal’ clearances the urea con 
centration of the urine can be raised by lowering the sodium chlo¬ 
ride output, and hence the constant U/P ratio observed by Ches- 
ley may occur only under circumstances where the sodium chloride 
output, and hence total osmotic pressure, happened to be rela 
tively constant More generally, under conditions avoiding os¬ 
motic diuresis, were onI\ one solute present in the urine, this 
solute would condition the excretion of water m accordance with 
the maximal osmotic concentration of the urine, U would be con¬ 
stant, and UV w ould roughly increase or decrease w ith P by a irtue 
of changes m V With the several solutes present in the unne tn 
relatively constant proportions, one would obtain the relationship 
described by Chesley In further studies, Chesley 187 reports that 
when the unne flow falls below o 35 to o 5 cc/min , not only urea 
but phosphate, total nitrogen, and total solids become maximally 
concentrated Further reduction in unne flow does not increase 
the concentration The plasma clearance of endogenous creatinine 
shows a linear relation to urine flow, and he suggests that in this 
oliguric range the filtration rate is reduced and \ aries directly with 
unne flow Under these conditions a constant proportion of filtered 
water appears to be reabsorbed Assuming that the endogenous 
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creatinine clearance reliably reflects the filtration rate, it would 
follow from the fact that the filtration rate so estimated does in¬ 
crease or decrease with urine flow, that the load of all filtrable sub¬ 
stances—urea, chloride, phosphate, total non-protem nitrogen, 
etc.—also varies with the urine flow because this load varies with 
the filtration rate; if in various experiments the fraction of the sub¬ 
stances reabsorbed by the tubules does not vary greatly, then the 
residuum (UV) in each case will show direct propotionahty to 
urine flow; i.e. UV/V will be constant and therefore U will be con¬ 
stant for each substance, as Chesley finds. The essential question 
is why the filtration rate should vary directly with urine flow. 
The simplest explanation is that the system operates in reverse; 
increasing degrees of dehydration lead to greater reduction in 
filtration rate, and this in turn, by reducing the filtered load of 
solutes, permits reduction in urine flow in accordance with the 
limits set by maximal osmotic pressure. 

LIFE IN THE DESERT 

An interesting series of studies on the physiology of man in the 
desert was carried out by Adolph and his associates during the 
war.“ Observations were made on volunteers in controlled hot 
rooms as well as under natural desert conditions. Only a few of 
many interesting points can be recorded here. 

At high temperatures, the greater part of the water lost from 
the body is in the form of sweat. Sweating is, of course, highly 
variable, depending on temperature, humidity, and physical ac¬ 
tivity. At a dry-bulb temperature of ioo° F., water loss from 
sweating (including respiratory loss) ranges from 7.2 liter/day 
when the subject is sitting clothed in good shade, to more than 
24.0 liter/day when walking clothed in the sun and carrying a 15 
kg. pack, and to 28.0 liter/day when walking nude in the sun 
without a pack. In contrast, the loss of water in the urine is less 
variable and comparatively small, being determined by the rel¬ 
atively fixed quantity of urinary solutes. 

The mean rate of urine formation among men living in the 
desert in a warm month was 935 cc/day, as compared with 5905 
cc. of fluid ingested. The specific gravity fell largely between the 
limits of 1.020 and 1.038 and averaged 1.027. It * s rare for the 
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specific gravit) of the unne in man to rise above I 040, the maxi 
mal value under the conditions studied being about 1 038, and the 
mean value at water deficits ranging from 2 to 10 per cent of the 
initial bod) weight being 1 033 

Since the urinar) water is obligated by unnar} solutes, the ex 
cretion of urine is reduced only in proportion as the quantit) of 
these substances is reduced Water cannot be sav ed b) attempting 
to reduce the urine flow b) allowing oneself to become deh)drated 
Reduction of unnar} solutes, on the other hand, can be accom 
plished to onl} a limited extent b> modifying the food intake If 
nitrogenous intake is much reduced, total food intake is likel} to 
be inadequate, and food reduction of an> sort is not recommended 
in ordinar} desert life Ideall}, salt intake might be reduced but, 
practicall), the amount of sweat varies so much from dav to da) 
that reduction in salt intake incurs the danger of salt deficienc} 
In an> case, where sweating is profuse the loss of water in the 
urine is much less important than that lost in sweat 
Under conditions of excessi\e sweating, and when supplied with 
water ad libitum , men drink onl> enough to compensate for the 
minimal unnar) and sweat losses, the unne volume is less than the 
average for men in temperate climates, indicating that men who 
drink all the water the) want remain somewhat deh)drated, pre 
sumabl) because a small water deficit is necessar) to stimulate 
the dnnking of the large quantities of water required to com 
pensate for the great loss of sweat It is in line with this interpreta 
tion that men who were depnved of water for 8 to 12 hr in the 
hot room excreted the same amount of urine (714 cc ) as those who 
drank ad libitum (709 cc ), 1 e the) drank onl) enough to meet the 
minimal requirement of total water loss Some 700 to 900 cc/da) 
of unnarj water is usuall) obligated b) excretory products An 
output of 500 cc/da) is minimal except m near starvation or when 
the filtration rate is reduced b\ severe circulator) disturbances 
The chief expenditure of salt is in the sweat rather than in the 
unne, despite the fact that acclimatization leads to a reduction in 
the salt content of the sweat 4 * 4 A few men accumulate con 
siderable crusts of salt upon the skm dunng a single da>’s exposure 
and the) charactensticall) eat excessive quantities, but in all men 
the salt loss is considerable Whereas an average of 116 mEq of 



X.IFE IN THE DESERT 627 

sodium chloride (6.8 gm.) was excreted in the urine at a concen¬ 
tration of 125 mEq/liter, it is estimated that probably 3 or 4 times 
this amount was metabolized. Taking the average salt content of 
the body as 165 gm., 10 to 15 per cent of this salt is turned over 
within 24 hr. No significant change occurs in the chloride content 
of the plasma either under variable desert conditions or as be¬ 
tween individuals freshly arrived or returning to temperate cli¬ 
mates. Where men become salt deficient, this deficiency is not 
necessarily reflected in the chloride content of the plasma, but 
only by diminished physical performance.* 051 

It is believed that men who suffer near-lethal dehydration cease 
to form urine; if true, this anuria may reflect circulatory failure 
which occurs only in extremis. Under the field conditions studied 
by Adolph and his collaborators anuria was not observed. They 
found no evidence that renal function is impaired by exposure to 
heat, by moderate dehydration, or by both. 

These investigators found that the urea clearance at urine flows 
ranging from 10 to 50 cc/hr. is practically a linear function of urine 
flow, as pointed out by Chesley. 344 

Adolph and his colleagues estimate that, at maximal daily shade 
temperatures of 120°, 1 io°, ioo°, 90°, 8o°, and 70° F., a man with 
no water available can survive 2, 3, 5, 7, 9, and 10 days, respec¬ 
tively, if he is engaging in no exercise at all. If he is walking at 
night until exhausted and resting thereafter, expected survival is 
cut to 1, 2, 3, 5, 7, and 7.5 days. These figures are, of course, esti¬ 
mates only, because there are no reliable data on the survival or 
death of men without water on the desert. 

The foregoing considerations also apply to survival at sea, ex¬ 
cept that the length of time required for water deficiency to attain 
a critical value will depend on air temperature, humidity, wind 
velocity, protection by clothing or shade, sunburn, and food in¬ 
take, as well as work in paddling. 

The drinking of urine by dehydrated men accomplishes nothing 
since it affords no free water, nor is drinking sea water advan¬ 
tageous. Taking the maximal osmolar concentration of the urine as 
1.4 osm/liter and the concentration of sea water as 1.0 osm/liter, 
a small part of the water in the latter is theoretically available for 
the excretion of other urinary constituents. But 500 cc/day of sea 
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water is about all that can be tolerated, even for a few days, by 
thirsting men without gastrointestinal disturbances, this would 
>ield at best 143 cc of free water, and probabl) less than that 
amount in many individuals, a quantit) too small to maintain a 
subject in water balance under ideal conditions, much less during 
exposure to wind and sun Consumption of larger amounts would 
lead to diarrhea and more rapid dehy dration and only accelerate 
catastrophe 71 ™* 5 Rats survive slightly longer, while losing the 
same amount of bod v water, when allowed to drink sea water than 
when denied all water But in some individuals the concentration 
of chloride in the unne (o 60 M) exceeded that in the ingested sea 
water (o 52 M), a situation that does not obtain m man, the dog, 
or marine mammals 10 The only use to which unne and sea water 
can be put b> man is that he can permit them to evaporate from 
the clothing, thereby cooling the body, as a substitute for a cer 
tarn amount of sweat The minimal unne volume is about 10 
cc/gm of protein metabolized, eating raw fish will not ameliorate 
deh)dration since all the water is required to excrete the protein 
metabolites 1511 

As Adolph says, there is no cheap substitute for water except 
to minimize the requirement and conserve whatever is available. 

The pathological disturbances characteristic of water or salt 
depnvation are designated b> Adolph as heat stroke, heat ex 
haustion deh'dration exhaustion and heat cramp Heat stroke is 
accompanied by severe irritability, prostration, and delirium, 
sweating often diminishes or ceases and the cooling of the bod) 
becomes cnticall) deficient, leading to dangerous h>perpjrexia 
Heat exhaustion appears more moderatel) as faintness, vertigo, 
nausea, vomiting, tachycardia, circulator) madequac), and col 
lapse, and appears to be avoided b) acclimatization as well as b) 
rest Deh)dration exhaustion is accompanied by vague dtscom 
fort and a sense of heat oppression, restlessness, sleepiness, weak 
ness, susceptibiht) to eas) fatigue, h)perp)rexia, tach)cardta, 
tingling of limbs d) spnea, and circulator} failure Heat cramps is 
a S) ndrome marked b) painful spasms of the voluntar) muscles 
following prolonged muscular activity and profuse sweating at 
high environmental temperatures The disturbance has been at 
tributed b) some investigators solely to loss of salt and hypo- 
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natremia, but it appears that other factors are involved 20512216 
The depletion of plasma electrolytes is accompanied by the excre¬ 
tion of water, leading to reduction in body fluids and hemocon 
centration The first three disorders are relieved in the early stages 
by fluids given by mouth or vein and are postponed by rest It is 
generally accepted, however, that the ingestion of moderate 
amounts of salt is both of prophylactic and therapeutic value in 
heat cramps, whereas drinking water may aggravate the symp 
toms because of the rapid osmotic dilution of the blood and tis¬ 
sues 13 87 9040 

Gamble and Butler, 7,8 m studies on normal volunteers who 
underwent prolonged fasting with short periods of thirsting, found 
that the average maximal concentration of the urine is i 4 osm as 
measured by freezing point depression (A = 2 6° C ) During 
fasting and dehydration, water is made available by oxidation of 
body protein, fat, and glycogen and by incidental release from 
intracellular and extracellular water as tissue is destroyed Water 
loss is represented by insensible evaporation (and sweat, if pres¬ 
ent) and the obligatory urine expenditure at the osmotic ceiling 
The minimal renal water required to maintain water equilibrium 
is represented by the difference between available water and ir¬ 
reducible loss This figure worked out, in a subject taking 1200 
cc/day of water, to be 521 cc , 1 e he would have remained in 
water balance on this amount The addition of 100 gm/day of 
glucose, by sparing protein, reduced total solute output and hence 
the renal water requirement to 223 cc/day 

Solute output from an ordinary diet averages 1 2 osm/day, but, 
with a low protein, low salt, and high carbohydrate diet the output 
may fall to 200 mosm The minimal water required for renal ex¬ 
cretion under these extreme conditions would be 857 and 143 cc, 
respectively. 

SODIUM CHLORIDE INTOXICATION 

Dogs may be killed by the injection of a sufficient quantity of so 
dium chloride, without change m body water The increased 
osmotic pressure of the plasma and interstitial fluid draws water 
from the tissues and causes intracellular dehydration Death 
usually results from respiratory failure There appears to be no 
critical lethal concentration of sodium or chloride per se? lt 
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POTASSIUM INTOXICATION 

Ele\ation of the serum potassium concentration to 12 mEq/liter 
or more in dogs leads to death from heart block Potassium in 
toxication appears to be the immediate cause of death after bi 
lateral nephrectomy, and in some instances m man it appears to 
play an important role in death from protracted anuria Elevated 
potassium concentration is not the cause of death in chronic 
glomerulonephritis, the concentration being substantiall) less than 
the critical value estimated for man and there being no signs of 
heart block This circumstance apparently issues from a relative 
increase in the potassium clearance in advanced renal disease 
However, the administration of potassium salts or potassium rich 
food in protracted anuria is dangerous and definitely contra 
indicated 

EXPERIMENTAL SALT DEFICIENCY 

The acute reduction of the salt content of the body in normal man 
produces a syndrome resembling that caused by adrenal cortical 
deficiency This reduction can be accomplished by a low salt diet 
combined with diuresis and sweating In studies of experimental 
salt deficiency by McCance and his coworkers m ’ ,,oa 

one subject lost 30 per cent of his body chloride in a few dav s His 
plasma sodium fell from 154 to 139 mEq/hter and the plasma 
chloride, from 100 to 80 mEq An equivalent loss in weight oc¬ 
curred, probably attributable largely to reduction of the volume 
of the extracellular fluid, despite the fact that water was taken ad 
Ubttum There were profound muscular weakness, excessive faticue, 
mental apathy and confusion, anorexia, nausea, and loss of the 
sense of taste There was no acute thirst, despite the loss of body 
fluid Slight muscular activity produced cramps, and any muscle 
suddenly brought into action was liable to spasm, even the muscles 
of the chest and cheeks 

The total picture m salt deficiency is that the body is forced to 
compromise between the maintenance of the total base (osmotic 
pressure) of the plasma and the maintenance of extracellular fluid 
and blood volume, the former takes precedence over the latter and 
reduction of extracellular fluid and blood volume, with an in 
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crease in hemoglobin and plasma protein, occurs before there is 
marked depletion of total base 

In McCance s studies the filtration rate was reduced by 14 to 
36 per cent, a change of possibly critical magnitude in respect to 
glomerular tubular balance The urea clearance was decreased out 
of proportion to the filtration rate, probably because of oliguria, 
and because of the reduction in the urea clearance the blood urea 
rose on a constant protein diet 

The extracellular fluid was reduced from 28 to 38 per cent, a re 
duction large enough to account for the loss in weight There was 
possibly some loss of cellular electrolyte and nitrogen and a gain m 
cellular water owing to the reduction in plasma osmotic pres¬ 
sure * 1492 

The saliva showed a decreased sodium concentration, increased 
potassium concentration, and no change in chloride There was a 
variable reduction or little change in the free and total hydro¬ 
chloric acid and in the total chloride of gastric juice Both sodium 
and chloride concentration decreased in the cerebrospinal fluid 
A considerable but variable fall occurred in the concentration of 
sodium chloride in the sweat It was shown that adaptation to re 
peated sweating did not contribute to this result 

The renal responses in salt deficiency are markedly changed 
from the normal Where normally the ingestion of a large quantity 
of water leads immediately to marked diuresis, in salt depletion 
the excretion of water may be delayed 11 hr Whatever the ex 
planation of this delay, it recalls the similar blunting of diuresis in 
adrenal insufficiency A second notable feature is the failure of the 
kidney to excrete bicarbonate during alkalosis induced by over 
ventilation During and after overventilation, the alkalinity of the 
urine faded to increase , and indeed m several instances decreased 
(from pH 6 3 to 5 6, and from 5 3 to 5 o) It is as though, in the 
face of reduction of plasma sodium concentration, the conserva 
tion of sodium takes precedence over the maintenance of acid base 
balance, and sodium cannot be spared for the excretion of bicar 
bonate This phenomenon is also observed in alkalosis induced by 

* Salt deficiency in the rabbit produces the same signs of body flu d and renal 
d sorgamzat on as in man **** 
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prolonged vomiting and in other circumstances that deplete the 
plasma sodium or reduce the filtration rate Instances are on rec 
ord where the urine was acid despite the fact that the plasma bi 
carbonate was 90 volumes per cent or more In all such cases, the 
administration of sodium chloride, b> restoring the plasma so¬ 
dium, promptly leads to renewed excretion of bicarbonate 1,03 
A third notable difference between the normal subject and one 
suffering from salt deficiency is that overventilation in the latter 
produces a marked fall in the urea clearance and in the excretion 
of endogenous creatinine, presumably owing to a comparable de¬ 
crease in filtration rate As a result, in part at least, of this de 
crease m filtration rate, the diuresis and increased sodium and 
potassium excretion normally induced by overventilation fail to 
appear and are replaced by a decrease in urine flow and electroly te 
clearances That the reduction in filtration rate is directly at¬ 
tributable to the alkalosis and not to muscular movements m 
volved in over-ventilation is shown by the fact that the reduction 
is prevented if the subject breathes a carbon dioxide air mixture 
while o\ erv entilating 

Chasis, Goldring, Breed, Schreiner, and Bolomey examined 
the effects of a low salt rice diet on hospitalized patients with es¬ 
sential hypertension The filtration rate decreased in 9 out of 10 
patients by the end of the second week, the lowest values reached 
ranging from 42 4 to 83 5 per cent (average 65 3) of the control 
level The PAH clearance decreased in 8 out of 10 patients, the 
lowest values reached ranging from 61 8 to 92 9 per cent (avenge 
79 5) of the control Tm PA n decreased in 6 out of 10 patients, the 
lowest values reached ranging from 72 7 to 91.4 per cent (average 
81) of the control The filtration fraction decreased in 6 out of 10 
patients, and in 1 it increased Addition of salt (30 gm/day ) to the 
rice diet caused the filtration rate to return to or approximately 
to the control level in all 5 patients m whom it was tried, while 
the PAH clearance returned to the control le\el in the 1 patients 
in whom it had been significantly lowered Tm PA n, however, 
showed a further decrease in 4 out of 5 patients to whom salt was 
administered on the nee diet, and in 1 the depressed value re 
mained unchanged On return to the ward diet, Tm PA n returned 
to the control value in 2 patients and approximated it in 1 
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Weston, Heilman, Escher, and Leiter 2180 also report a reduction 
in filtration rate and renal plasma flow in hypertensive subjects 
on a low salt diet In their observations limitation of protein also 
led to a reduction in Titipah It appears that a low salt rice diet 
decreases filtration rate and renal plasma flow by virtue of the low 
salt content, the reduction in TmpAH being related to low protein 
intake or features of the diet other than salt There is no reason to 
believe that the reduction in renal function observed in these hy¬ 
pertensive subjects is materially different than would be expected 
in normal subjects under the same conditions However, it should 
be noted that hypertensive subjects are reported to withstand salt 
deprivation, so far as weight loss is concerned, better than do nor¬ 
mal subjects m * 

SIMPLE ALKALOSIS OF OVERVENTILATION 

Overventilation for periods of 30 to 45 min in normal subjects in 
creases the alkalinity of the urine, the pH changing between the 
extremes of 5 1 and 7 6 to 8 o It also produces a substantial di¬ 
uresis The mechanism of alkahnization of the urine is not clear 
Under these conditions both plasma pC 0 2 and bicarbonate are re 
duced, and increased bicarbonate excretion cannot be explained 
in terms of the load of bicarbonate delivered to the distal tubule 
It is conceivable that the reduced plasma pC 0 2 leads to decreased 
H + secretion in the distal tubule, but there is no experimental 
evidence to support this interpretation 

In the experiments of McCance and Widdowson 1,99 on over- 
ventilation in normal subjects, the urea clearance was variably 
decreased, but, since there was no change in the excretion of 
creatinine, the change in filtration rate was probably not signifi 
cant The rate of excretion of sodium was increased by 50 to 200 
per cent, that of potassium by 300 to 500 per cent, changes prob 
ably referable to altered reabsorption of cations in association with 
the excretion of bicarbonate in the distal tubule rather than to 
altered reabsorption in the proximal tubule 

BICARBONATE ALKALOSIS 

Contrary to the earlier belief 1991 !,9 ° that the administration of 
sodium bicarbonate over prolonged periods, as in the treatment of 
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peptic ulcer, leads to renal injury, Kirsner and his coworkers ,m 
could find no pathological evidence for this view bv administering 
bicarbonate to dogs, or from observations on subjects habituated 
to bicarbonate. Tager and Klinghofter sas report a subject in 
whom administration of 32,000 gm. of sodium bicarbonate in 20 
months produced no marked alteration in plasma electrolytes and 
no decrease in the urea clearance. 

However, McCance and Widdowson U01 reported a marked re¬ 
duction of the mulin clearance in a subject with uncompensated 
alkalosis induced by the prolonged administration of sodium bi¬ 
carbonate. 

As a control on the use of alkali in the therapy of black-water 
fever, incompatible blood transfusion, and crush syndrome, work¬ 
ers in the Army Malaria Research Unit (Oxford) c administered 
60 grams of sodium bicarbonate and 60 grains of sodium citrate 
in 1 ounce of water to 2 normal subjects every 2 hr. for 3 days, 
and to a third subject every 2 hr. for 1 day only. In 1 subject after 
24 hr. on this regime the filtration rate had increased from 179 to 
277 cc., in a second subject after 76 hr., from 185 to 163, to 198 cc., 
and in a third after 68 hr., from 113 to 126, to 260 cc. These re¬ 
markable increases m filtration rate were not accompanied by a 
significant change in the renal plasma flow, so that the filtration 
fraction increased from 27 to 41, from 23 to 34, and from 23 to 
46.8 per cent, i.e. to practically maximal values. In the first sub¬ 
ject the urea clearance followed the inulin clearance, but in the 
second it fell markedly (from 84 to 19.3 cc.) with a rise in blood 
urea from 19 to 62 mg/100 cc., while in the third it remained un¬ 
changed. The decrease in urea clearance the authors attribute to 
tubular injury, and for this and other reasons consider that large 
doses of alkali should not be administered in conditions where 
renal failure may supervene. 

Sanderson ,:rJ also examined a patient in alkalosis (plasma C 0 2 , 
130 vol/ioo cc.) and dehydration of vomiting following prolonged 
ingestion of bicarbonate. The inulin clearance was 22 cc., the dio- 
drast clearance, 231 cc., and Tm D , 17 mg. of iodine (normal 40 to 
50). Following cessation of bicarbonate ingestion and therapy 
with intravenous saline, partial recovery of renal function ensued, 
these values 6 weeks later being 54, 353, and 38. The urine flow 
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was above a liter per day during the acute episode, indicating that 
the patient had suffered some loss of concentrating power The 
severe reduction in Tm D indicates tubular injury, which the au 
thors attribute to renal ischemia, though it may have reflected a 
direct injury of the tubules with reduction in Ed 

In interpreting these results it should be recognized, on the one 
hand, that the dog responds to very large doses of sodium chloride 
by rapid excretion while man excretes excess salt very sluggishly 
(ch xi) If this response to sodium chloride is pertinent to the 
handling of large doses of bicarbonate, it is wholly unsafe to reason 
from experiments on dog to man On the other hand, bicarbonate 
is frequently administered clinically where there has been pro 
longed vomiting with dehydration which itself has an adverse ef 
feet upon the kidney, in so far as the bicarbonate ion will entail 
the obligatory excretion of additional sodium, this salt may only 
aggravate a vicious cycle In any case, the data strongly indicate 
that in man bicarbonate is too dangerous a drug for unrestricted 
use in self medication 


WATER INTOXICATION 

Water intoxication can be induced by the administration of water 
at rates more rapid than the kidneys can excrete it, or by stimu 
lating the tubular reabsorption of water by the injection of the 
antidiuretic hormone in conjunction with water administration 
The first symptoms involve the central nervous system, which 
probably suffers excessive hydration Following protracted con 
vulsions, death occurs from cardiac failure ,m Alkalosis and loss of 
chloride by vomiting or accumulation of gastric juice in the 
stomach appear to play an important part in the reaction 1954 
In order to produce water intoxication m dogs retention must 
exceed 60 cc/kg of body weight, the critical value appears to be 
from 60 to 70 cc Immediate recovery is effected by the intra 
venous injection of io per cent sodium chloride, whereas urea is 
relatively ineffective, implying that the disturbance is funda 
mentally one of superhydration of the body tissues 90S Instances 
of water intoxication in man are now relatively rare 978 



CHAPTER XXI 


Disturbances of Renal Function in 
Non-renal Disease 


PREGNANCY 

Chesle) and Chesle> n reported an average diodrast clearance in 
8 normal pregnant women near term of 610 cc, a figure to be com 
pared with their control observations on 9 normal non pregnant 
women of 518 cc The corresponding whole blood figures were 91 5 
and 900 cc % Thet concluded that pregnane) has no effect upon 
the renal blood flow (These whole blood figures are lower than 
those reported b) others, possibly because of technical differences 
m the clearance procedure ) In vresv of the fact that anenua & 
is not accompanied b> an increased whole blood flow' to the hid- 
ne\, the plasma flow remaining constant, the difference in these 
plasma clearances (518 vs 6to cc ) ma> indicate moderate renal 
hjperemia in late pregnane) The endogenous creatinine chromo- 
gen/diodrast clearance ratio averaged o 129 in pregnane) and 
o 122 in non pregnant women f 

Welsh, Wellen, and Ta>Ior m » examined 22 women in the 
twelfth to fort) first week of pregnane), and re-exammed n of 
these postpartum The average antepartum and postpartum data 
were inulin clearance 124 and 116 cc, phenol red clearance 37 1 

• These data are corrected for the effect of oxalate on the hematocrit, made 
in accordance with a personal communication to the writer 
t The method of determining the chromogen may be responsible for these 
low ratios. 
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and 362 cc., diodrast clearance 631 and 525 cc., renal blood flow 
970 and 858 cc., filtration fraction 0.196 and 0.208; Titid was 
measured in only 3 patients before and after delivery, 1 showing 
an increase and 1 a decrease in this value, but in 8 pregnant women 
this value averaged 45.6 mg. of iodine. Cd/Toid averaged 13.7 
and 13.3, and Cnj/TniD averaged 2.67 and 2.28 antepartum and 
postpartum. The data on pregnant women are so close to norma! 
and to the postpartum figures that the authors conclude that un¬ 
complicated pregnancy has no effect on renal function. 

Dill, Isenhour, Cadden, and Schaffer 522 report on 8 pregnant 
women in the thirty-second to fortieth week of pregnancy. The 
average inulin clearance was 116 ±16.9; diodrast clearance, 
637 =fc 145; renal blood flow, 950 =fc 237 cc/min.; filtration frac¬ 
tion, 0.176. Postpartum, these figures were 139 =fc 16.1, 630 ± 
90.7, 980 ± 186, and 0.234, the change in the filtration fraction 
being referable to the increase in filtration rate. The figures are so 
close to each other and to those for non-pregnant controls that 
they indicate again that pregnancy does not influence renal func¬ 
tion. 

PRE-ECLAMPSIA AND ECLAMPSIA 

(specific toxemias of pregnancy) 

Eclampsia is a specific disease of pregnant women, of unknown 
origin. The term eclampsia is reserved for the severer phase 
marked by convulsions, pre-eclampsia indicating the non-con- 
vulsive phase characterized by hypertension, albuminuria, and 
edema. Patients who have once had eclampsia or pre-eclampsia 
are more likely to have subsequent toxemia and a higher incidence 
of stillbirths and abortions than patients who have experienced un¬ 
complicated pregnancies. Generally the toxemia is promptly re¬ 
lieved by uterine evacuation.** 4174 The renal lesion is primarily 
glomerular, the capillary tuft being bloodless and swollen; there is 
clumping and fusion of the loops and eventual hyalinization of 
some tufts. Occlusion of the capillaries is brought about by thick¬ 
ening of the basement membrane and swelling of the mesangial 
cells between the capillaries. The changes are of a degenerative 
rather than inflammatory character; unlike acute glomerulone¬ 
phritis, the endothelial nuclei are not increased.” 4 
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In 21 women with pre eclampsia and eclampsia, Chesle), 
Cornell, Chesle), Katz, and Glissen r * report an average diodrast 
clearance of 554 cc., endogenous creatinine chromogen clearance 
of 75 7 cc., and urea clearance of 66 8 cc., the estimated filtration 
fraction being o I4S, all these figures are close to their control 
values in normal pregnant women The authors conclude that the 
renal blood flow in the mean is not affected, though the variation 
is greater Their patients with eclampsia were, however, examined 
shortly after deliver) 

Corcoran and Page 41 * report on 28 women during toxemia 
Some of these were studied b) the phenol red clearance (before 
the introduction of diodrast for renal blood flow measurement) 
and the authors have made an appropriate correction to approxi¬ 
mate the corresponding diodrast clearance The) div ide their sub¬ 
jects into three groups A (13 cases), those with a low filtration 
fraction, B (8 cases), those in whom the filtration fraction was in 
creased and, group C (7 cases), those in whom the filtration frac¬ 
tion w as in the normal ranse In group A, the a\ erage approximate 
renal blood flow was 989 cc , the average filtration fraction O 135 
Seven of the 13 cases were considered severe, with marked pro¬ 
teinuria in ever) instance, constriction of retinal arterioles in 12, 
and retinal edema or papilledema in 6 Postpartum, these patients 
showed an increase in filtration fraction and a decrease in renal 
blood flow The authors attribute the reduction m filtration frac¬ 
tion to swelling of the basement membrane of the glomerular capil¬ 
laries and note that in this group the clinical course of the disease 
was most severe Three of these patients developed persistent h>- 
pertension In group B, the average approximate renal blood flow 
was 688 cc and the filtration fraction o 247 Three of these pa 
tients had pre-existing essential hypertension and the authors in¬ 
fer that the group as a whole had pre-existing or latent hvper- 
tension In group C, the approximate renal blood flow averaged 
853 cc and the filtration fraction o 165 These were considered to 
be instances of mild toxemia 

Chesle) *** reports that, in 7 women with normal blood pressure 
after toxemia, the urea clearance av eraged 58 o and the diodrast 
clearance 507 cc., the estimated filtration fraction o 189 In 15 
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women who did not have hypertension before pregnancy but in 
whom hypertension persisted after toxemia, the urea clearance 
averaged 53 1 and the dtodrast clearance 428 cc, the estimated 
filtration fraction o 208 The last figures may be compared with 
those reported by Chesley for 11 women with essential hyper 
tension who had had no pregnancies the estimated filtration rate 
averaged 106 and the diodrast clearance 351 cc, the filtration 
fraction o 302 Chesley believes that post toxemic hypertension 
differs from essential hypertension in showing a lower filtration 
fraction because of the glomerular lesion His data also support 
the suggestion that it is among those women who have a sub 
stantialiy reduced filtration fraction during toxemia that the po 
tential victims of persistent hypertension (7 of 14 patients) are to 
be sought, those having normal filtration fractions showing a lower 
incidence (1 of 16 patients) of post toxemic effects 

In 10 women with pre eclampsia, Dill et al 422 report an average 
inulm clearance of 84 ± 35 3, diodrast clearance 680 ± 283, and 
renal blood flow 905 ± 425 cc , the filtration fraction being o 167 
After delivery these figures were inulin, 105 ± 38 5, diodrast, 
482 i 179, renal blood flow, 746 ± 193 cc , filtration fraction, 
o 228 Again, as in their group of normal pregnant women, the in 
crease m the filtration fraction is referable to an increase in filtra 
tion rate In 10 pregnant women with essential hypertension (some 
of whom had had toxemia at one time) examined in the twentj 
eighth to forty first week of pregnancy, the inulin clearance aver 
aged 87 ± 34, the diodrast clearance 515 =h 234 cc , and the fil 
tration fraction 0228, after delivery these figures were inulin 
95 3 3 1 9> diodrast 464 d= 115, and filtration fraction 0234 

Again, the filtration fraction is reduced in toxemia and elevated in 
essential hypertension The authors ascribe the reduction of filtra 
tion fraction m toxemia to changes in glomerular pressure rather 
than decreased glomerular permeability There seems to be no 
way to distinguish the two factors at the present time, because all 
renal hemodynamic calculations must assume an unchanged glo¬ 
merular permeability coefficient, an assumption that is here in 
valid because of the glomerular lesion The authors suggest that 
the same fundamental vascular abnormality is responsible for the 
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hypertensive diseases and for the toxemias of pregnancy and their 
sequelae, but this broad generalization must be accepted cau¬ 
tiously. 

Wellen, Welsh, and Taylor s, *‘ report on 11 women examined 
antepartum and postpartum. They compiled data on normal non- 
pregnant women by combining the observations of Goldring el 
at. 1 * 1 on 9 women with further observations of Welsh, Wellen, and 
Ta)lor Jlt * and refer to these normal values graphically. Relative 
to their normal statistics, Tmo was equally distributed above and 
below the mean in the pre-eclamptic patients; in only 1 did it 
deviate more than —2<r, and in this patient it returned to normal 
after delivery. The changes in Tmj> before and after delivery were, 
with the one exception mentioned, slight and of random sign- The 
filtration rate was low, relative to postpartum values, and the 
ratio CjN/Tmo was below the mean normal value in all but 2 
patients (in 1 this ratio was below —2cr). The Cd/Tidd ratio, on 
the other hand, was above the mean normal in 8 of the H pa¬ 
tients, in 2 instances in excess of In 9 patients (including the 
8 above) the ratio fell after delivery in 3 subjects reaching values 
below —la. The filtration fraction was low (0.11 to 0.20) in all 
antepartum observations The data indicate a normal or mod¬ 
erately increased renal blood flow antepartum, with a somewhat 
reduced filtration rate, giving a low’ norma! filtration fraction. 

In the group with clinical cure on deliver), the decrease in 
diodrast clearance and increase in inuhn clearance brought these 
values and the filtration fraction to a normal range- But in 5 pa¬ 
tients who were left with persistent h> per tension, the decrease in 
diodrast clearance and the increase in inuhn clearance resulted in 
high filtration fractions (0.288, 0.210, 0.240, 0.266, and 0.267) 
typical of patients with essential hypertension, though the 
Co/Tmo ratio was below' normal in only I subject. The authors 
reject the view' that renal ischemia is an essential factor in the 
production of hypertension m toxemia of pregnancy because in 
the presence of hypertension the renal plasma flow is normal and 
supernormal. Without preference, they suggest that the low 
filtration rate observed in some patients antepartum could be at¬ 
tributed to increased afferent arteriolar tone, renal edema, and 
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increased interstitial pressure, or thickening of the basement 
membrane of the glomerulus 

Those patients in whom hypertension persists could not be dis 
tinguished antepartum from those in whom the blood pressure 
returned to normal after delivery, except perhaps that they 
showed a greater decrease in Cd/Tird on delivery, the antepartum 
value of this ratio was above the mean normal in 4 out of 5 The 
authors suggest that, in the permanently hypertensive group, ele 
vation of the filtration fraction characteristic of essential hyper 
tension, is prevented by some unknown factor that increases 
renal blood flow so long as pregnancy continues This suggestion 
is supported in the later study of Wellen, Welsh, Taylor, and 
Rosenthal,* 162 who find that the renal blood flow, as judged by 
the Cp/Tmo ratio is increased during pregnancy relative to ob 
servations made before conception and after delivery, the filtra 
tion rate and Tm D remaining unchanged Supplementary evidence 
on this point is derived by them from phenol red and inuhn clear 
ances Comparison of results obtained during pregnancy and for 
an observation period of 1 to 4 years after delivery indicate that 
pregnancy itself, when uncomplicated by specific toxemia, does 
not cause any deterioration of renal function in women with es¬ 
sential hypertension or chronic glomerulonephritis 

Dill, Isenhour, Cadden, and Robinson 621 examined 6 pregnant 
and 9 non pregnant women who had had a toxemia of pregnancy 
1 to 12 years previously but wko were considered normal by both 
clinical and laboratory methods during the interim In the 6 preg 
nant women examined antepartum the filtration rate averaged 
84 1 cc , the renal plasma flow, 500 cc , the renal blood flow, 750 
cc , the filtration fraction, o 185 Postpartum these figures were 
97 9 cc , 394 cc , 690 cc , and o 225, again showing a slight in 
crease in renal blood flow and decrease in filtration rate during 
pregnancy 

In the 9 non pregnant women, the filtration rate averaged 94 
cc , the renal plasma flow, 469 cc , the renal blood flow, 781 cc , 
and the filtration fraction, o 207 The authors conclude that tox 
emia, even in the absence of other signs, is usually followed by a 
reduction in renal function, the degree of which increases with 
time 
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The data are inadequate to establish that the changes in renal 
function are significant, but thev indicate that, whereas uncom¬ 
plicated pregnanci has no efirect on renal function, in pre-ec¬ 
lampsia the filtration rate is reduced (possib!) b) the glomerular 
lesion) with at least a corresponding reduction m filtration frac¬ 
tion The renal plasma flow and the Cd/Tuid ratio appear to be 
elev ated In patients who do not dev elop persistent hypertension, 
these deviations in function disappear after deliverv , in those who 
do develop persistent h)pertension, the functional pattern shifts 
to that characteristic of essential hypertension, vzz a reduction in 
renal plasma flow and m the Cn/Tmo ratio, and an delation to 
supernormal levds of the filtration fraction But these changes, 
which are alwavs relative, ma> merelv express the development 
of the essential hypertensive pattern In no wa> do the) implv 
that altered renal function is related to the genesis of persistent 
hypertension 

\ nse in blood unc acid without nitrogen retention has been 
stated to be one of the most consistent signs of pre-eclampsia and 
eclampsia Schaffer, Dill, and Cadden x ~* reported reduced unc 
acid clearances in pre-eclampsia (their dearances ma> have b^ 
elevated b> the simultaneous administration of diodrasr), the 
inuhn and urea clearances were likewise reduced, and the reduc¬ 
tion in unc acid clearance was attributed b) them to reduction in 
filtration rate Pregnane) itself has no effect on this dearance- 
Bonsnes, Dill, and Dana * 9 * report the unc acid clearance m nor¬ 
mal women, 1 to 8 da> s postpartum, as 15 4 i 3 2 cc. in one senes 
of 9 subjects and 140^29 in another senes of n subjects. 
Cheslev and Williams ** 8 ^ report this value m 10 normal women 
as 15 7 cc. antepartum and 14 9 postpartum, the unc acid/mubn 
clearance ratios aieragrng o 122 and o 117, respective!) In pne- 
eclampsia the clearances were 78 antepartum and 15.4 post¬ 
partum and the clearance ratios o 0S1 and o 137 respeenvd)' 

Bonsnes and Stander 119 find that the 24 hr unc acid dearance 
isgenemll) lower (6.4 cc ) dunng activepre-edampsia than dunng 
the postpartum or earl) puerpenum penod (10.4 cc ), paralleling 
a reduction m the urea clearance (42 and 55 cc respective!') 
The nonnal 24 hr unc acid clearance in pregnant and non preg 
nant women averages about 12 cc, the urea clearance 63 cc. If 
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the fetal heart is lost, these changes take place just as if the 
uterus had been emptied, and delivery of the dead fetus does not 
alter the clearances, which remain at the normal level The data 
do not permit a firm conclusion, but most investigators believe 
that the reduced urate clearance is sufficient to account for the 
h> peruncemia Whether the decrease in urate clearance is entirely 
attributable to the decrease in filtration rate or involves increased 
tubular reabsorption is undetermined A frequent drop in the uric 
acid/urea clearance ratio points to participation of the latter 
(Chesley, pers com) 

The serum sulphate may rise, in many instances of pre ec 
lampsia before or out of proportion to the urea 1088 This may be 
related to the fact that (in the dog, at least) the plasma sulphate 
level is almost precisely balanced against sulphate Tm through 
the filtration rate, and any reduction of the latter will be reflected 
in an increase in plasma concentration irrespective of urine flow 
The urea clearance on the other hand is probably more variablj 
affected by urine volume 

There is some evidence that estrogens are causally related to 
the retention of sodium in pre eclampsia, since sodium is retained 
during periods of high estrogen concentration and lost during pen 
ods of diminishing hormones ,080 

Large amounts of both VEM and VDM are regularly present 
in peripheral blood during the period of pre eclamptic hyperten 
sion, sometimes VEM, sometimes VDM predominating These 
factors disappear on return of the pressure to normal levels 1881 

BILATERAL CORTICAL NECROSIS 

'Bilateral cortical necrosis is a pathologic term applied to certain 
relatively rare cases of anuria of unknown etiology The condition 
is characterized by focal cortical necrosis of varjing seventy and 
distribution, both kidnejs being generally about equallj involved 
The inner third of the cortex is usually unaffected but, in severer 
cases, necrosis maj extend into the medulla along the columns of 
Bertin In the necrotic zone the interlobular arteries, afferent 
arterioles, and glomerular vessels are dilated and generall) ob¬ 
structed by thrombi variously composed of fibrin, platelets, con 
glutinated red cells, and amorphous fatty substance Thrombus 
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fonnation appears to be secondar) to renal ischemia, which mav 
be of neural or humoral origin The condition occurs most fre 
quentlv in the last trimester of pregnane) and in association with 
some catastrophic complication Some investigators believe that, 
with rare exceptions, true bilateral cortical necrosis is confined to 
this circumstance and represents one of the toxemias of pregnane) 
However, the disease is not to be identified with eclampsia and an 
entirel} similar lesion ma\ occur in males u * Others, however, do 
not distinguish so firml) between the lesion in pregnanev and the 
bilateral focal ischemic atrophv observed in lupus erv thematosus 
disseminatus, scleroderma, rheumatic fever, penartentis nodosa, 
septic abortion, staphv Jococcus bacteremia, and other conditions 
giving nse to embolic phenomena in the kidnev s and other organs 
It is said that treatment is of no avail, and some writers have con 
sidered the condition as invanabh fatal However, it is obviousl) 
impossible to assert that the same causes and processes under 
King those fatal instances of protracted anuria, which at autops) 
are identified as ‘bilateral cortical necrosis,’ mav not be present m 
non fatal cases where partial recov er> of renal function occurs ,, * M • 

llin M» IMS 

CHRONIC ANEMIA 

Bradle) and Bradlej 134 have reported on 15 patients with severe 
chronic anemia (pernicious anemia in relapse, parox)smal noc¬ 
turnal hemoglobinuria, duodenal hemorrhage, hemorrhoids, iron 
deficienc), and Ivmphatic leukemia) Regardless of etiolog), the 
most striking functional alteration is that the renal plasma flow 
is onl> slightlv reduced, but the renal blood flow, because of the 
low hematocrit, is markedlv reduced Thus the dtodrast clearance 
was decreased in males to 52a cc , or bj 20 per cent from the nor¬ 
mal mean of 655 cc and in females to 534 cc , or bv 11 per cent 
from the normal mean of 600 cc. These figures are in sharp con 
trast to 654 cc whole blood flow m males (normal 1166 cc.), or a 
44 per cent reduction, and 673 cc. m females (normal 940 cc ), or a 
2S per cent reduction Since the extraction ratio of PAH is not 
reduced in anemia and since the mean artena! pressure is not 
reduced, the data indicate that in anemia, as in shock, etc, renal 
vasoconstriction occurs in order to divert blood to other parts of 
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the body The blood thus made available in the males amounts 
to some 500 cc/min 

On the average, the inulin clearance was reduced (to 89 cc in 
males and 107 cc in females, normal, 127 and 118, respectively) 
but in some subjects this function was normal The filtration frac¬ 
tion was low or low normal Renal blood flow and filtration rite 
returned to normal as the hematocrit increased under therapy. 

Diodrast Tm was depressed by 22 5 per cent in females and 39 
per cent in males Glucose Tm fell within the normal range m 6 
out of 7 patients studied, in the exception, who had diabetes 
melhtus, it was low In 2 patients Tmo improved under therapy, 
the others showing no significant change 

Bradley and Bradley suggest that the edema of chronic anemia, 
which is unrelated to decreased oncotic pressure or increased 
venous pressure, may be attributable to the reduced filtration 
rate, which may fall below 80 cc, and this may also account for 
reduction in the urea clearance and the development of azotemia 
in some patients They also comment on the fact that this marked 
degree of renal ischemia is not accompanied by hypertension, 
and pre-existing hypertension remains unchanged in chronic 
anemia Reduction in whole blood flow rather than plasma flow 
is also indicated in 2 of 3 subjects reported by Aas and Blegen 1 
Restoration of red cell volume effected a large increase in blood 
flow with no increase in plasma flow The hyposthenuria observed 
m some patients with pernicious anemia is apparently not at¬ 
tributable to anoxia of the renal tubules, since concentrating 
power in dogs is not impaired when the hemoglobin is kept at low 
levels for one or two months by repeated bleeding 941 

HEMATEMESIS 

Stevens, Schiff, Lublin, and Garber 2004 report that the urea, inulin, 
and phenol red clearances may be either normal or reduced in the 
presence of the increased blood urea concentration that follows 
hematemesis The reduction in the urea clearance is insufficient to 
account for the elevation of blood urea and persists in spite of the 
return of the blood urea to normal The intragastnc administra¬ 
tion of 2 liters of blood had no effect on renal function 
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tion, but in the presence of the Kimmelstiel-Wilson sjndrome, 
renal function is markedly impaired. The reduction in filtration 
rate probably contributes to the high glucose threshold observed 
in many elderl) diabetics. 

Farber, Conan, and Earle 418 report that in 10 diabetic subjects 
without clear evidence of mtercapillary glomerulosclerosis the 
filtration rate was within normal limits, as were most of the Titig 
values The Cp/TinG ratio, however, was lower than normal, per¬ 
haps foreshadowing glomerular involvement. Insulin reduced Titig 
in some normal subjects tested and in all the diabetics, raising the 
Cr/Tmo ratio toward normal In several patients the excretion of 
glucose actually increased after insulin, despite a decrease in 
plasma glucose concentration. Studies on electrolyte excretion be¬ 
fore and after the administration of glucose, or glucose plus in¬ 
sulin, are also reported. 

Corcoran, Ta)Ior, and Page 415 report that in 5 patients with 
intercapillar) glomerulosclerosis the filtration rate ranged from 
13 to 82 cc. and the diodrast clearance from 139 to 657 cc. Trap 
was subnormal in all but 1 (58 mg. of iodine), ranging from 11 to 
26 mg of iodine. The filtration fraction was low (0.08 to 0.18), as 
was the Ci N /Tm D ratio (1 05 to 3.12), but the Cd/Tbid ratio was 
high, 18.6 to 36, a circumstance the authors attribute to vicarious 
clearance The) see the lesion as one of the glomerular capillaries, 
which obstructs filtration more than perfusion, supplemented b> 
loss of function in whole nephrons. 

Hilden 1001 reports that m 7 diabetic patients the thiosulphate 
clearance ranged from 14 to 75 per cent, and Tm D from 12 to S8 
per cent of normal. The thiosulphate clearance/Tmo ratio ranged 
from 1 60 to 3 02. The authors conclude that filtration rate and 
Tm D are affected about equally. 

Data on the reabsorption of glucose by 3 depancreatized dogs 
are reported by Govaerts and Muller,' 1 * but control data are un- 
fortunatel) lacking. 

DIABETIC COMA 

Extreme dehydration, ketosis, and acidosis culminate in diabetic 
coma. If for no other reason, it is to be expected that the filtration 
rate would be reduced in consequence of reduction in the extra¬ 
cellular fluid volume. In addition, reduction in blood volume and 
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other factors frequently lead to a reduction in blood pressure, if 
severe, this hypotension maj embarrass renal function 1287 
McCance and Widdowson uw examined 5 subjects in dnbetic 
coma and found that the filtration rate was considerablj below 
normal The urea clearance was excessively low, partly because of 
the low filtration rate and partly because of severe oliguria How 
ever, the exogenous creatinine clearance in 5 out of 5 patients was 
less than the inulin clearance, the creatinme/inuhn clearance ratio 
ranging from o 42 to o 85, in contrast to the normal ratio of 1 2 to 
1 4, indicating back diffusion of creatinine (and possibly inulin) as 
a result of tubular injury 

The excretion of sodium and chloride is low in diabetic coma, 
probably because of the disturbance in glomerular tubular bal 
ance The excretion of ammonia may be unimpaired, however, 
which is to be expected, since ammonia synthesis by the distal 
tubules is not primarily dependent on glomerular filtration 

The available data do not exclude tubular impairment as a re¬ 
sult of metabolic default in the absence of insulin, or some dele 
tenous influence of ketosis 829 917 1998 

CONGENITAL CYANOTIC HEART DISEASE 

Scott and Elliott 1814 have reported studies on 19 patients with 
congenital circulatory anomalies associated with arterial oxygen 
unsaturation They distinguish two groups in group 1 the pa 
tmnts were younger, somewhat smaWer, and had higher hemato¬ 
crits than the patients in group 2 In group 2, renal function was 
measured simultaneouslj with cardiac or renal vein cathetenza 
tion, conditions conducive to anxiety The two groups differed 
only in respect to a lower renal blood flow in group 2 

In group 1 (10 subjects), TmpAn averaged 717 mg, a figure 
only slightly below normal (79 mg) Of group 2, 7 subjects gave 
an average Ep An of o 87, showing essentiall) normal extraction 
The filtration rate in the entire series ranged from 53 to 176 and 
aaeraged no cc The PAH clearance ranged from 150 to 666 cc 
and averaged 379 cc , a definitely low figure The hematocrit was 
high, as is characteristic in chronic anoxia, averaging 73 4 per cent 
cells, consequently, the whole blood flow was relativel} greater 
than indicated b) the plasma flow, averaging 1625 cc (1164 cc ts 
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tion, but in the presence of the Kimmelstiel-WHson syndrome, 
renal function is markedly impaired. The reduction in filtration 
rate probably contributes to the high glucose threshold observed 
in man) elderly diabetics 

Farber, Conan, and Earle m report that in 10 diabetic subjects 
without clear evidence of mtercapillary glomerulosclerosis the 
filtration rate was within normal limits, as were most of the Tmc 
values. The Cr/Tmo ratio, however, was lower than normal, per¬ 
haps foreshadowing glomerular involvement- Insulin reduced Tmc 
in some normal subjects tested and in all the diabetics, raising the 
Cr/Tmo ratio toward norma! In several patients the excretion of 
glucose actually increased after insulin, despite a decrease in 
plasma glucose concentration- Studies on electrolyte excretion be¬ 
fore and after the administration of glucose, or glucose plus in¬ 
sulin, are also reported. 

Corcoran, Ta)lor, and Page 4M report that in 5 patients with 
mtercapillary glomerulosclerosis the filtration rate ranged from 
13 to 82 cc. and the diodrast clearance from 139 to 657 cc. Tmp 
was subnormal in all but 1 (58 mg. of iodine), ranging from 11 to 
26 mg of iodine. The filtration fraction was low (0.08 to O.18), as 
was the Ci-s/Tmo ratio (1.05 to 3.12), but the Cn/Tmo ratio was 
high, 18.6 to 36, a circumstance the authors attribute to vicarious 
clearance. Thev see the lesion as one of the glomerular capillaries, 
which obstructs filtration more than perfusion, supplemented b> 
loss of function in whole nephrons. 

Hilden ,BOi reports that in 7 diabetic patients the thiosulphate 
clearance ranged from 14 to 75 per cent, and Tmn from i- to 88 
per cent of normal. The thiosulphate clearance/Tmo ratio ranged 
from 1 6o to 3 02. The authors conclude that filtration fate and 
Tj 71 d are affected about equally. 

Data on the reabsorption of glucose by 3 depancreatizcd dogs 
are reported by Govaerts and Muller,* 1 * but control data are un¬ 
fortunately lacking. 

DIABETIC COMA 

Extreme dehvdration, ketosis, and acidosis culminate in diabetic 
coma. If for no other reason, it is to be expected that the filtration 
rate would be reduced in consequence of reduction in the extra¬ 
cellular fluid volume. In addition, reduction in blood volume and 
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other factors frequently lead to a reduction m blood pressure, if 
severe, this hypotension may embarrass renal function 1587 
McCance and Widdowson 1,04 examined 5 subjects in diabetic 
coma and found that the filtration rate was considerably below 
normal The urea clearance was excessively low, partly because of 
the low filtration rate and partly because of severe oliguria How 
ever, the exogenous creatinine clearance in 5 out of 5 patients was 
less than the inulm clearance, the creatinine/inulm clearance ratio 
ranging from 04'* to o 85, in contrast to the normal ratio of 1 2 to 
1 4, indicating bach diffusion of creatinine (and possibly inulin) as 
a result of tubular injury 

The excretion of sodium and chloride is low in diabetic coma 
probably because of the disturbance in glomerular tubular bal 
ance The excretion of ammonia may be unimpaired, however, 
which is to be expected, since ammonia synthesis by the distal 
tubules is not primarily dependent on glomerular filtration 

The available data do not exclude tubular impairment as a re 
suit of metabolic default in the absence of insulin, or some dele 
terious influence of ketosis 129 917 1998 

CONGENITAL CYANOTIC HEART DISEASE 

Scott and Elliott 1814 have reported studies on 19 patients with 
congenital circulatory anomalies associated with arterial oxygen 
unsaturation They distinguish two groups in group 1 the pa 
tients were younger, somewhat smaller, and had higher hemato¬ 
crits than the patients in group 2 In group 2, renal function was 
measured simultaneously with cardiac or renal vein catheteriza 
tion, conditions conducive to anxiety The two groups differed 
only in respect to a lower renal blood flow in group 2 

In group 1 (10 subjects), Tm PA n averaged 71 7 mg, a figure 
only slightly below normal (79 mg) Of group 2, 7 subjects gave 
an average Ep A n of o 87, showing essentially normal extraction 
The filtration rate m the entire sertes ranged from 53 to 176 and 
averaged no cc The PAH clearance ranged from 150 to 666 cc 
and averaged 379 cc , a definitely low figure The hematocrit was 
high as is characteristic in chronic anoxia, averaging 73 4 per cent 
cells, consequently, the whole blood flow was relatively greater 
than indicated by the plasma flow, averaging 1625 cc (1164 cc is 
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taken as normal by the authors). This renal blood flow represented 
a greater than normal fraction of the cardiac output; in 11 sub¬ 
jects the average renal fraction was 0.348, whereas the norma! 
probably does not basalh exceed 0.20. (This figure varied from 
0.18 to 0.603, ^nd 4 observations above 0.40 may reflect multiple 
errors in cardiac output and renal clearance determination.) The 
renal arterial-venous ox\gen difference (0.7 to 34, average 1.7 
cc/100 cc.) was within the normal range, as w-as the renal ox>gen 
consumption (3 o to 35 o, average 16.2 cc/min.). The uncorrected 
filtration fraction ranged from o 20 to 0.55 and averaged 0.31; the 
filtration fraction corrected for Ep*n in 7 subjects averaged 0.24, 
a shghtlj elevated figure 

The authors conclude that, in general, cyanotic patients main¬ 
tain satisfactor) excretory function despite polycythemia and a 
marked reduction m renal plasma flow. The renal blood flow, in 
this group with congenital c>anotic heart disease, tended to be 
elevated above normal (possibly as a compensation for diminished 
renal plasma flow) bj vascular adjustments in the kidney rather 
than b> an increase in cardiac output. 

COARCTATION’ OF THE AORTA 

Friedman, Selzer, Rosenblum, McLean, and Picard 7,1 report that, 
in 4 male and 2 female patients with aortic coarctation, the renal 
plasma flow was substantially reduced (average 465 cc., range 445 
to 531). The filtration rate, however, w r as much less affected 
(average 122 cc., range 119 to 130), giving rise to a markedly ele¬ 
vated filtration fraction (average 0.265, range 0.228 to 0.29). 

Aortic coarctation is charactensticallj accompanied by arterial 
h>pertension which is not attributable to anatomic obstruction of 
the aorta, the diastolic hypertension is equally evident in the 
femoral arteries, 11 ** and it has been suggested that systemic vaso¬ 
constriction is related to the release of a pressor substance from 
the kidneys Friedman el al. consider that the renal ischemia ob¬ 
served by them may also be attributable to this humoral mecha¬ 
nism. 

Genest, Newman, Kattus, Sinclair-Smith, and Genecin 7 " re¬ 
port pre- and postoperative data on 12 patients with aortic coarc¬ 
tation. The renal blood flow increased postoperative!)’ by more 
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than ro per cent in 7, the largest increase being from rjro to 2100 
cc In only 1 did the blood flow decrease by more than 10 per cent 
The filtration rate increased by more than 10 per cent in 5, the 
largest increase being from hi to 17 1 cc , and it fell by more than 
10 per cent in only 2 The filtration fraction fell in 6 and increased 
m 4 These patients, plus 5 additional ones not studied postopera 
tively, confirm the conclusion that aortic coarctation is generally 
accompanied by moderate to severe renal ischemia with a rise in 
filtration fraction, indicative of renal arteriolar spasm 

SICKLE CELL ANEMIA 

In 5 children with sickle cell anemia, the thiosulphate clearance 
was subnormal (50 7 to 94 o cc ), but in the normal range (121 and 
150 cc) in 2 with sickle cell trait and in 1 (145 cc ) with anemia 
secondary to uncinariasis 310 

HEPATIC CIRRHOSIS 

Cirrhosis of the liver is a chronic degenerative disease of unknown 
origin, characterized by profound metabolic disturbances leading 
to hypoproteinemia and cachexia and by the formation of edema 
Unlike the edema of cardiac failure, cirrhotic edema is most 
marked in the abdominal cavity (ascites), a circumstance gen 
erally related to increased capillary pressure in the portal circula 
tion 

Factors that might contribute to edema formation are (1) in 
creased portal capillar) pressure, C^) hypoalbuminemia, (3) de 
creased glomerular filtration rate, (4) increased sodium retention, 
(5) increased water reabsorption by the renal tubules Nothing is 
known about variations in portal capillary pressure in man Hypo- 
albummemia, although contributory, appears to be relatively un 
important, since the continued administration of salt poor human 
albumin with restoration of the plasma albumin concentration 
may fail to induce diuresis, and spontaneous diuresis may occur 
despite continued hypoalbuminemia * 13 414 Sodium excretion, with 
or without increased salt administration, is invariably subnor 
mal, the deficiency is not relieved by restoration of the plasma 
albumin concentration, but ascites formation can be reduced by 
restriction of salt intake or by the use of mercurial diuretics to 
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force the excretion of sodium. Mercurial diuretics may, however, 
fail to increase the excretion of sodium in some cirrhotic patients, 
as it falls in some patients with edema of chronic congestive heart 
failure. 

Farnsworth and Krakusin 125 report low filtration rate and renal 
plasma flow in 2 patients in the edematous stage of cirrhosis. 

Pateh, Mankin, Colcher, Lowell, and Earle ,iM report that, in 
3 patients in the edematous stage, the filtration rate was low (75 
cc.) in 1, normal (122 cc.) in a second, and elevated (190 cc.) in a 
third. The corresponding PAH clearances were 356, 512, and 752 
cc. One hour after the injection of 50 gm. of human plasma al¬ 
bumin m 0.3 M sodium chloride solution, the renal plasma flow 
increased to 503, 842, and 821 cc., respectively. (The increase was 
apparently not maximal at this time, and, in view of Cargill’s 127 
demonstration that, during renal hyperemia induced by albumin 
in normal subjects, T PUI is decreased below the normal value of 
0.92, the increase in total renal plasma flow may have been con- 
siderablj greater than is indicated by the foregoing data.) Re¬ 
peated albumin appeared to lead to sustained improvement in 
renal function, and indeed to marked renal hyperemia. Patek e! 
a! conclude that ascites formation is not determined solely by the 
level of the plasma colloid osmotic pressure and suggest that 
changes m the permeability of the portal vascular bed and in salt 
and water metabolism are invoked. 

Leslie, Johnston, and Ralli (pers. com.) find that, among 29 
patients in whom ascites had never been present, or not present to 
a degree requiring paracentesis, renal function was normal or 
supernormal, the filtration rate ranging from 113 to 376 cc., renal 
plasma flow from 540 to 1451 cc , and Tm PA n from 65 to 130 mg. 
In patients who had at some time required paracenteses but at the 
time of study had no significant ascites, all measurements fell 
within the normal range: filtration rate, 109 to 172 cc.; renal 
plasma flow, 592 to 779 cc.; and Tm P vn, 64 to 82 mg. In patients 
who were rapidly accumulating ascites, all measurements were 
* depressed: filtration rate, 39 to ic<> cc.; renal plasma flow, 253 to 
440 cc.; and Tm PA n, 32 to 60 mg Diuresis under therapy with 
purified liver extract (intraheptol) and multiple vitamins was ac- 
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compamed by a marked increase in filtration rate, renal plasma 
flow, and Titipaii A period of fluid accumulation does not ap 
parently militate against normal renal function after the ascites 
is controlled and may possibly enhance renal function by some 
compensatory mechanism 

The hepatic blood flow is also generally reduced in cirrhosis, 
falling well below the normal values *” 

HEPATORENAL SYNDROME 

A voluminous literature has been written on the so called ‘hepato 
renal s>ndrome In the main, two points of view have evolved 
One maintains that following biliary or hepatic surgery, thyroid 
ectomy or extensive gastrointestinal operations, a profound de 
rangement of liver function may result in liver death, a rapidly 
fatal condition characterized by high fever, coma, and usually 
shock If the course is less rapid, renal damage results and death 
occurs in uremia associated with jaundice and other signs of he 
patic failure, the hepatorenal syndrome The opposing view holds 
that the liver is not primarily involved, and that the syndrome is 
attributable in most cases to overwhelming sepsis or to obscure in 
fection Both agree that the kidneys are damaged by toxins that 
may be released from the damaged liver or that may accumulate 
in the blood in the absence of the hepatic route of removal Un 
fortunately, there is inadequate information on pathology and 
cardiovascular, renal, and hepatic function to afford a clear under 
standing of what is probably a mixed group of physiological dis 
turbances 

Bradley 22t points out that renal and hepatic impairment may 
appear simultaneously in many conditions (intoxication by a 
variety of substances such as heavy metals, chloroform, cincho 
phen, dioxane, diethylene glycol and carbon tetrachloride), in 
septicemia, Weil s disease, yellow fever, liver trauma. Water 
house-Friderichsen syndrome, fever therapy, and profound dis¬ 
orders of both the liver (subacute yellow atrophy) and kidney 
(pyelonephritis) Moreover, cases of acute diffuse glomerulone 
phntis or acute interstitial nephritis complicating the course of 
infection or liver disease associated with jaundice may have been 
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reported as cases of hepatorenal s> ndrome The terms appear to 
embrace 2 large group of di\erse entities and ma> be used onl) m 
a descnptn e clinical sense. 

PROTEINLRIA ASSOCIATED WITH TRANSIENT RENAL ISCHEMIA 

Man) circumstances that are accompanied bj severe \asomotor 
reactions frequentlj cause the transient excretion of small quart 
titles of protein in subjects who show no evidence of renal disease 
Among such circumstances are exposure of the whole bodj, or ev en 
of an arm or leg, to cold water, the administration of adrenalin 
and ephednne, the inhalation of carbon dioxide, hemorrhage, and 
excitement It has been generally argued, on the basis of Starr s ,,u 
demonstration of the relation of proteinuria to vasomotor re 
sponses, that the excretion of protein is attributable to ischemia 
and increased permeabiht) of some of the glomeruli, though this 
explanation ts not full> established 

Cheslej, Markowitz, and Wetchler r ‘ tested a number of 
women ranging from the third month of pregnancy to the third 
month after deliver), some with and some without toxemia One 
third of the group had no proteinuria prior to the test, while the 
rest had some degree of proteinuria ranging from faint traces to 
5 gm/hter \\ hile urine w as being collected b) ureteral catheteriza 
tion, one hand was immersed in ice water for 1 mm As a result of 
this procedure, sjstemic vascular constriction, as indicated bj the 
arterial pressor response, appears and disappears within a min 
Among those subjects who were not excreting protein normalU, 
proteinuria occurred consistent!) jn all who showed blood pres¬ 
sure rises of more than 16/16 mm Hg, 1 e whose vasomotor re 
sponse was fairl) severe, whereas, of '•4 subjects in whom protem- 
\iTvi did not occur, in onlv 2 did the Wood pressure nse exceed 
these figures Protein excretion appears at a maximal rate in the 
inten al 2 to 4 min after the application of the stimulus and there 
after the rate of excretion diminishes, returning to or near control 
levels within 14 mm Allowing for a 2 to 3 min first appearance 
time, the excretion of protein must be initiated almost mstand) 
The right and left kidne> usual!) reacted similarl), though tn a 
few cases proteinuria occurred on onl) one side Proteinuria did 
not correlate with changes in pulse pressure Although the ab- 
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solute quantities of protein excreted in these tests were slight, 
their significance was validated by Chesley and his coworhers by 
comparison with the simultaneous excretion of endogenous cre¬ 
atinine, which eliminates faulty urine collections As judged by 
this clearance, the filtration rate decreased in 9 of 11 subjects 
studied who showed proteinuria, the maximal decrease (to 76 per 
cent of the control) occurring in the interval 4 to 8 min 

Chesley and his coworhers concluded that, as Starr had sug¬ 
gested, proteinuria is associated with renal vasoconstriction and 
glomerular ischemia, proteinuria beginning when the vascular 
spasm begins to relax at the end of the cold stimulus However, it 
may be noted that the proteinuria is almost instantaneous and, in 
their data, precedes by 2 to 4 min. the maximal indicated change 
in filtration rate, and it is difficult to believe that so short a period 
of ischemia would have this effect Moreover, the studies of 
Talso, Crosle}, and Clarke 1044 on normal subjects do not indicate 
an invariably rapid response in the kidney to the cold pressor test. 
The problem invites further investigation by the ureteral cathe¬ 
terization method 


POSTURAL PROTEINURIA 

Intermittent proteinuria occurs in about three-fourths of youths,* 
one-third of young men, and one-tenth of old men,” 1 during ap¬ 
propriate circumstances chiefly related to posture. The critical 
factor is the erect, extreme lordotic position. During the pro¬ 
teinuria there is a marked reduction in urine flow and the ap¬ 
pearance of large numbers of renal epithelial cells and casts in the 
urinary sediment; a small increase in red blood cell count occurs 
inconstantly and Congo red escapes into the urine. 1780 In a few sub¬ 
jects protein has been reported as coming from one kidney 
on!}. 18811182 

Medes and Berglund 1417 determined the creatinine clearance in 
normal subjects and in subjects with mild and extreme lordotic 
proteinuria, during 30 mm. of recumbency. The rates were 171 
4 cc., 158 dc S cc , and 155 rfc 7 cc. m these three groups. During 

* In 22,000 presumably healthy >oung men the incidence of protcmuna m 
single urine samples collected on a da) free from undue physical activity was 
only l 7 per cent »** 
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20 min of standing in the lordotic position, the rates were, re¬ 
spective!), 167 ± 5 cc , 153 ± 7 cc , and 102 =fc 9 cc ; 1 e the 
creatinine clearance fell onl> in those with the more severe pro¬ 
teinuria 

R\ tand 1740 examined 2 subjects in whom unilateral changes re¬ 
lated to posture were revealed roentgenographicall) and found 
that the Addis urea excretion ratio and the creatinine clearance 
fell in the second hour, with the subject erect, to approximate!! 
one-half the levels observed with the subject recumbent In a 
third, renal function decreased b) 20 per cent m the upright posi 
tion, while in 2 who showed gross anomalies, posture did not af¬ 
fect renal function Gom 5 n and Greiner *°* record consistent re 
duction, averaging 44 per cent, in the creatinine clearance in 6 
subjects with orthostatic proteinuria, when assuming the erect 
position, as compared with a 17 per cent reduction in 7 normal 
subjects The former also showed a more marked and more con¬ 
sistent reduction in urine flow 

Bull,** 1 who reviews the literature and himself experimental!) 
excluded a number of variables, found that renal function re¬ 
mained essentiall) unchanged in the recumbent and erect posi¬ 
tions, but in the erect lordotic posture the renal plasma flow' fell 
to 33 to 80 per cent of the figure observed in recumbent lordosis, 
and the filtration rate to 50 to 95 per cent, while the filtration 
fraction increased The urine flow was marked!) reduced and 
formed unnar> elements of all t)pes were increased in number In 
the 2 subjects examined, he obtained protein from both kidnejs 
Trom anatomical dissections and various experimental approaches 
he concludes that in the erect lordotic position, and to a lesser ex¬ 
tent in the recumbent lordotic position, the inferior vena cava is 
compressed against the spine h) the posterior surface of the liver, 
and this induces increased renal venous pressure and passive renal 
congestion The compression onl) occurs when the subject is in a 
loTdotic posture and when the anterior surface of the liver rotates 
inferior!) This rotation of the liver normall) occurs when the 
subject is lordotic and is maximal in the erect lordotic position 
But it seems probable that some cases of postural proteinuria mav 
be related to distinct anatomical anomalies SIS * 
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MARCH HEMOGLOBINURIA 

March hemoglobinuria designates a syndrome associated with 
exercise and ranging in severity from mild albuminuria with 
out hemoglobinuria or subjective symptoms, to heavy hemo¬ 
globinuria and proteinuria preceded b> temporarily disabling 
backache and weakness The syndrome is so named because it was 
first observed in an active soldier The disease is benign, appearing 
predominantly in young men engaging in certain types of physical 
exercise, and disappears later in life The element of lordotic pos¬ 
ture is believed to be an important etiological factor, as in postural 
proteinuria, but there is a suggestion that attacks in some in 
dividuals can be abolished by the administration of vitamin C •“ 

PERIARTERITIS NODOSA 

This is a relativelj rare, necrotizing, vascular disease affecting 
medium sized and small arteries and arterioles, usually in several 
organs The kidney s are involved in about 80 per cent of the cases, 
the renal lesion leading to hematuria and albuminuria, renal in 
farcts, and fibrosis Death in uremia is common * 7 * 479,47J The 
etiology is unknown but it is possibly a manifestation of an 
anaphj lactic t> pe of hypersensitivity 479 Clinical and experimental 
data indicate that it ma> be induced by drugs (sulfa drugs, anti 
sera, iodine, phenobarbital, thiouracil) Hypertension is com 
monly present 7 * 9 No renal function studies are available 

MULTIPLE MYELOMA 

Multiple myeloma is a generalized disease of unknown etiology 
which has its most marked manifestations in the bone marrow, the 
lesion being character Yted by infiltration with so-called ‘plasma 
cells and local demineralization of the bone 139 In a considerable 
proportion of patients, the disease is accompanied by the excretion 
of an ill defined group of proteins known collectively but some 
what inaccurately as Bence Jones protein Such protein has a Ion 
molecular weight (c 37,000) and is identified by the fact that in 
slightly acid solution it precipitates in the temperature range of 
40 to 6 o° C and redissoUes on boiling On cooling, the solution 
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again shows turbidity which disappears on further cooling. The 
excretion of Bence-Jones protein may amount to more than 10 
gm/day over a period of several years. 

Multiple myeloma is frequently associated with chronic renal 
disease which appears to result in part from tubular obstruction 
by cast formation. 11 * 1427 1113 Armstrong •* reports that, in 8 pa¬ 
tients, the filtration rate, renal plasma flow, and Tmpvn were de¬ 
pressed to some degree. In 3, Tmpui was better preserved than 
the filtration rate. Seventy of renal impairment did not correlate 
with the hematologic or serum protein abnormality, or with the 
amount or duration of Bence-Jones proteinuria. Armstrong con¬ 
cludes, from these and other data, that tubular obstruction by 
casts will not adequately explain the impairment of renal function, 
and he suggests that cast formation may be part of the terminal 
picture and not the cause of renal failure. 

FOCAL GLOMERULONEPHRITIS 

Focal glomerular lesions may accompany infection, and particu¬ 
larly staph> lococcus, gonococcus, and pneumococcus bacteremia. 
Focal h> aim and fibrous lesions are frequent in subacute bacterial 
endocarditis of streptococcus viridans origin. The severity of renal 
involvement ranges from a few- glomeruli or portions of glomerular 
tufts through the formation of hyalin and fibrous lesions in many 
glomeruli to a form of focal glomerulonephritis in which glomeru- 
htis involves almost ever)’ nephron, leading to renal insufficiency. 
Some writers believe that this type of glomerulitis is glomerulone¬ 
phritis. If this proves to be the case, the terms ‘focal glomerulone¬ 
phritis’ may be discarded. 

Hematuria occurs in the majority of children with subacute 
bacterial endocarditis and is usually a result of a focal glomerular 
lesion not associated with renal insufficiency. Among children 
with subacute bacterial endocarditis who have hematuria, a few 
prove to have glomerulonephritis and these usually develop renal 
insufficiency and die in uremia. 15 * ,m 

W'EIL’s disease 

Weil's disease, a svstcmic infection with Leptospira ictcrohcmor- 
rhagica , is frequently accompanied by severe renal damage and 
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sometimes by anuria. The renai lesion consists chiefly of focal 
interstitial inflammation. The glomeruli are not often conspicu¬ 
ously involved. The proximal epithelium is swollen, degenerated, 
and even necrotic, and commonly obstructed by granular and bile- 
containing casts. Lcptospirae can be demonstrated in the cells, 
lumen, interstitial spaces, and urine.” 11 ' 2 ” 4 2277 

ERGOSTEROL INTOXICATION 

Corcoran, Taylor, and Page 4 ” report that 2 patients with an ill¬ 
ness characterized by malaise, nausea, and vomiting showed 
evidences of renal impairment, metastatic vascular calcification, 
and hypercalcemia, which appeared during treatment with a 
product of the irradiation of ergosterol. Tubular injury was pres¬ 
ent, as evidenced by low values of Tm D (10 and 12.6 mg. of iodine), 
but the filtration rate was also low (37 and 48 cc.), as was the renal 
plasma flow (192 and 285 cc.) and renal blood flow (286 and 407 
cc.). The authors speak of the renal disturbance as ‘toxic ne¬ 
phrosis.’ 

HYPERTHYROIDISM AND MYXEDEMA 

In 2 patients suffering from hyperthroidism (BMR +83 and +58 
per cent), reported by Corcoran and Page, 4 ” the inulin clearance 
was 112 and 74, the diodrast clearance rather high (810 and 812 
cc.), but Tmp was m the normal range (35.4 and 40 mg. of iodine). 
Thyroidectomy had no effect on the clearances and reduced Tmp 
by only io per cent in 1 patient, while, in the second, thyroid¬ 
ectomy was followed by a moderate decrease in renal plasma flow 
(812 to 615) and filtration rate (74 to 67 cc.) and a decrease of 
Tmp of 10 per cent. In 2 patients reported by Aas and Blegen 2 
(BMR +50 and +54 per cent), the inulin clearance was 163 and 
I2i cc. and the PAH clearance 903 and 927 cc. After therapy with 
methyl thiouracil, the PAH clearance was reduced in the first pa¬ 
tient to 697 cc. but remained unaffected by surgery in the second. 
In neither did the filtration rate drop. 

In 2 patients with myxedema, the renal plasma flow was m the 
low normal range (509 and 448), the filtration rate definitely low 
(55 and 33.6 cc.), and Tmp equally reduced (11.1 and 13.6). 
Treatment with desiccated thyroid increased the renal plasma 
flow to 600 and 617, the filtration rate to 101 and 80 cc., and Tm D 
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to 37 3 and 32 7 mg of iodine Corcoran and Page * 7 suggest that 
the depression of renal function present in some patients with 
mvxedema reflects in part a functional depression of the anterior 
hvpophjsis rather than a direct lack of thjroid hormone 
The urea clearance, which is low m myxedema, is increased bj 
th\rotd therapj but fails to reach normal values in most pa 
tients 1,1 , 

CUSHINGS SV N DROME 

Barnett, Perle), and Heinbecher ** report normal values of renal 
plasma flow, filtration rate, and Tm D in 2 subjects with Cushings 
svndrome, since the disease is characterized bj hv alinization of 
the basophil cells of the h>poph>sis but h>perplasia or tumor 
formation of the eosinophil cells, the} conclude that the humoral 
trophic agent is secreted b> the latter 
Corcoran, Ta>lor, and Page, 47 however, present data on 4 pa 
tients with Cushings s>ndrome and hypertension The filtration 
rate, renal plasma flow, and renal blood flow ranged from 59 to 
77, 201 to 278, and 446 to 495 cc , all substantial!} below normal 
and below the average level in essential hvpertension Tmo ranged 
from 19 6 to 32 2 mg of iodine, also subnormal The data indicate 
loss of renal tissue as a result of obliterative arterial and arteriolar 
disease 

PANHYPOPITUITARISM 

Stamler, Hshman, and Rosenman ,m report on 2 patients with 
panhvpopituitarism without manifest signs of adrenal insuffi 
ciencv Both patients had decreased cardiac output, renal blood 
flow, glomerular filtration rate, and blood volume The low serum 
sodium and chloride m 1 patient is interpreted as a reflection of 
associated adrenal insufncienc} and ascribed to inadequacy of 
distal electrol)te reabsorption The electroljte reabsorption in 
this patient is contrasted with that of the other patient whose 
serum sodium and chloride were normal 

PROSTATISM 

McDonald, Mann, and Pnestle} ,,u found that the normal max 
imal pressure in the pelvis of the Lidne} against which unnc can 
be excreted (maximal mtrapelvnc pressure) in 12 unanesthetized 
dogs varied from 96 to 77 mm Hg These high figures suegest that 
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during ureteral obstruction urine accumulates in the tubules until 
the intrapelvic pressure comes to equal the maximal filtration 
pressure attainable in the glomeruli. Denervation did not affect 
the maximal intrapelvic pressure. However, during the continuous 
injection of diuretics (hypertonic glucose and sodium sulphate) 
the maximal intrapelvic pressure rose to approximately 30 per 
cent more than that obtained without diuretics. It is probable 
that this is greater than the normal glomerular pressure, the exact 
value of which is unknown but which is estimated by Winton * m 
to be about 50 per cent of the mean arterial pressure. The maximal 
intrapelvic pressure during ether anesthesia was lower (averaging 
40 mm. Hg for the group) than in the unanesthetized animals, 
probably because of renal vasoconstriction. 

Pilcher, Bollman, and Mann 1818 studied the functional effects 
of increased intrapelvic pressure by raising the pressure in one 
ureter for periods too short to cause permanent injury. The urine 
was normal in quantity and composition at pressures of 23 mm. 
Hg; at higher pressures the volume decreased, with no change in 
creatinine and urea excretion up to 46 mm., but above this pres¬ 
sure creatinine and urea excretion decreased. The excretion of 
phenol red was first diminished at 27 mm. Hg and progressively 
decreased as the pressure was increased above this value. Causing 
one kidney to excrete against a pressure of 46 mm. for 1 hr. did not 
affect the function of the opposite kidney. Where unilateral in¬ 
fection occurred, the injected organ excrete d a J arge quantity of 
water and chloride, while the healthy kidney excreted almost the 
entire quantity of creatinine, urea, and phenol red. 

Lich 12,8 has reported inulin and phenol red clearances (on fall¬ 
ing plasma concentrations) in 6 subjects with prostatic obstruc¬ 
tion, with observations before and after preoperative vesicaf 
drainage. In none was the inulin clearance markedly reduced, the 
lowest figure being 91 cc., but in 4 this clearance increased on re¬ 
lease of pressure. In all 6 the phenol red clearance increased on 
drainage; the initial phenol red/inulin clearance ratio ranged from 
1.7 to 2.2, and in all but 1 this ratio increased to or toward the 
normal mean range of 3.3 i 0.25. It would be hazardous to say 
whether the reduction in phenol red clearance represented reduc¬ 
tion in renal blood flow or in the phenol red extraction ratio— 
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probably both are involved. The author’s conclusion appears to 
be sound, however: tubular function (if we include reduction in 
renal blood flow) is more severely impaired by prostatic obstruc¬ 
tion than is filtration. 

PYRIDINE HEPATIC INJURY 

Rats fed diets containing pyridine regularly develop acute hepatic 
necrosis, and animals surviving long enough develop cirrhosis. In 
some animals, the kidneys show degenerative or necrotic changes. 
Renal injury was most severe in animals which remained m shock 
for considerable periods or which survived recurrent episodes of 
shock Armstrong 11 infers that the renal injury is, at least in part, 
owing to renal anoxia associated wnth shock-induced renal is¬ 
chemia. 



CHAPTER XXII 


Chronic Congestive Heart Failure 


‘backward’ and ‘forward’ theories 
Many diseases of the circulation (arteriosclerosis, essential hy¬ 
pertension, and valvular disease) may terminate in the clinical 
syndrome designated as chronic congestive heart failure, char¬ 
acterized by dyspnea, orthopnea, cyanosis, increased venous pres¬ 
sure, incapacitating edema, and associated disturbances of func¬ 
tion in the liver, kidneys, and other organs. The one invariable 
sign is enlargement of the heart. 

The sequence of events in congestive failure has been the subject 
of inquiry and debate for over a hundred years. Until the last 
decade, the most widely held view was roughly as follows: under 
the principle enunciated by Starling, and long designated as 
Starling’s ‘law of the heart,’ the energy liberated during contrac¬ 
tion increases within limits as the diastolic volume increases (fig. 
121). Hence, if for any reason input momentarily exceeds output 
in either ventricle (and it must be remembered that, considered 
as a mechanical pump, the heart consists of two independent 
chambers), the imbalance tends to be physiologically corrected 
by the resulting distention of the chamber involved; elongation of 
the muscle fibers makes increased energy available and maintains 
or increases the stroke volume, thus bringing input and output 
relative to that chamber back into balance. Under prolonged in¬ 
creased loading, for example such as is imposed on the left vcn- 
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tride in essential hypertension, long-continued increased work in¬ 
duces hypertrophy of the muscle and enlargement of the organ. 
Similarly, under prolonged increased work the right ventricle may 
undergo hypertrophy, while in other circumstances both ven¬ 
tricles may hypertrophy in a parallel manner. But in any heart 



OIASTC-IC VENTRICULAR VOLUVC 

Figure 121. Diagram illustrating the application of Starling’s law rdarirg the 
stroke volume of the heart to diastolic ventricular volume. One must visualize 
a family of such cun es, since no I curve is applicable to all hearts. (Richards , * B ) 

(normal or enlarged) there is a limit beyond which the myo¬ 
cardium fails, on further dilatation, to respond with increased 
energy and hence increased stroke volume, as shown in figure 121* 
and further loading and dilatation lead to reduced stroke volume 
and to imbalance between input and output.* This point marks 
the onset of congestive cardiac failure. 

• As Huckabee, Casten, and Harrison *•“ remark, ‘the sine qua nor. of myo¬ 
cardial failure is therefore to be found not in the cardiac output lwith reference 
to the bod) ’s needs] but in the completeness of the cardiac emptying- • * Pcrd- 
mg additional and more complete knowledge it appears justifiable to define 
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All other circumstances remaining constant, whenever the out 
put of the left ventricle decreases blood tends to drain from the 
arterial to the venous side of the circulation in consequence of the 
differential between arterial and venous pressure This is, of 
course, the sequence of events during every diastolic interval 
Momentarily the quantity of blood on the arterial side decreases 
and that on the venous side increases The venous pressure rises as 
blood fills the venous system, and increased venous pressure in 
creases right ventricular filling and output, so that an increased 
volume of blood is pumped into the pulmonary circuit, leading to 
increased pulmonary pressure Increased pulmonarj venous pres¬ 
sure in turn increases left ventricular filling and output, and oper 
ates to increase the quantity of blood in the arterial system and to 
diminish the quantity in the venous sj stem 

Precisely the same sequence of events transpires whenever, over 
a longer period, the output of the left ventricle falls below that of 
the right Hemodynamic transmission moves blood from the ar 
tenal to the venous system and operates to increase venous pres¬ 
sure So long as the right ventricle maintains its output equal to 
the venous return, venous pressure is maintained at normal levels, 
but blood accumulates in the lungs in excessive quantity, leading 
to pulmonary congestion with edema, dyspnea, and orthopnea 
A steady state is reached when the increase in pulmonary venous 
pressure suffices by dilatation of the left ventricle to restore left 
ventricular output to a level equal to the output from the right 
ventricle 

heart fa lure as a condition in wh ch the card ac output is inadequate in rela 
tion to the fill ng load 

Ir may he noted however, that the venous return is not accurately reflected 
by the peripheral venous pressure alone because the flow through the venous 
system is influenced by venous d ameter even as in the arterial system and 
venomotor tone is s gnificantly var able Nor can the venous return be judged 
by right atrial pressure any more than the cardiac output can be judged by 
arter olar pressure 

It is improper to speak of the backward transmission of pressure in the cir 
culatorj system because the heart is the only pump and the pressure imparted 
to the blood by the heart is (exdud ng valvular incompetence) only transmitted 
forward 1 e from the arterial to the venous sde Every dynamic increment in 
venous pressure has its ong n in the left ventricle, every increment in pulmonary 
pressure in the nght ventricle 
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After right ventricular failure, a stead)' state is reached onl) 
after peripheral venous pressure has increased to such levels as 
restore the right ventricular output to a rate equal to venous in¬ 
flow . At this time peripheral congestion, hypoxia, and edema make 
their appearance. 

Man) writers recognize that increased venomotor tone may 
supplement these hemod)namic factors m contributing to the in¬ 
creased venous pressure. 

It is to be accepted that increased capillary pressure (supple¬ 
mented bv capillar)’ hypoxia) leads to increased capillar)’ filtra¬ 
tion and to the formation of edema, in the pulmonary circuit onlv 
in left ventricular failure, in both the pulmonary and peripheral 
circuits where both ventricles are incompetent. 

The foregoing sequence, here deleted of some subordinate con¬ 
siderations and contradictor)' opinions, has generally been known 
as the ‘backward’ theory of failure, the term ‘backward’ stemming 
from the (here conceived to be inaccurate) concept that the in¬ 
crease in pulmonary (or alternatively venous) pressure is due to 
the ‘backward’ transmission of pressure from the ventricles into 
the antecedent reservoirs. (Pressure is never transmitted back¬ 
wards in the circulation so long as the atrial-ventricular valves are 
competent. Every increment in pressure in the venous s)Stem has 
its genesis in arterial pressure, i e. in the left ventricle; in the pul¬ 
monary system, in the right ventricle). The term ‘backward* has 
in part served to distinguish the pure hemodynamic sequence to 
be expected from myocardial failure from those forms of circu¬ 
lator)’ insufficiency which have a peripheral origin (hemorrhage, 
shock, s) ncope, etc.) and which were usually characterized as ‘for¬ 
ward’ failure. We prefer to designate the sequence as described 
above as the ‘hemod) namtc sequence' in congestive failure. 

It is fairly well established that in congestive failure there may 
be an increase in blood \oIume, m "«■««sometimes with h)- 
poproteinemia and reduced hematocrit, but generally with normal 
protein and red cell content (despite the fact that decreased blood 
volume and hemoconcentration would be expected to issue from 
this sequence hemod) namically). The mechanism of this increase 
in blood volume has been a matter of dispute, and even its reality. 
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or at least the accuracy of its measurement, has been chal 
lenged 1598 

Starling’s views on chronic congestive cardiac failure are frequently 
misquoted or confused with the interpretations of later investigators 
These views are clearly set forth in his article, Physiological factors in 
the causation of dropsy 1940 

The sequence, as he saw it, consists of 

Stage I —Heart pump failure fall of arterial pressure, rise of pres 
sure in the venous trunks near the heart, fall of capillary pressures in 
the peripheral parts of the body, in the kidneys, and in the intestine, 
and absorption of fluid by bloodvessels from intestines and peripheral 
tissues Stage 2 —Continued absorption from the alimentary canal with 
diminished excretion from the kidneys, and production of hydraemic 
plethora with rise of mean s>stemic pressure This leads to Stage 3 — 
Rise of capillary pressure in all dependent parts of the bod), capillaries 
injured by malnutrition and excessive transudation, leading to drops) 
Stage 4 —The continued hydraemic plethora leads to ever increasing 
over filling of the heart cavities and to ultimate failure of the already 
incompetent heart ’ 

It will be noted that Starling invoked diminished excretion by the 
kidneys to explain the hydremic plethora, and hjdremic plethora to 
explain increased capillary pressure and ultimate failure of the heart 

With the development of improved methods for the measure 
ment of cardiac output it was discovered that, although in the 
average the cardiac output is reduced m congestive failure, there 
were notable exceptions in that some persons have a high cardiac 
output Consequently, certain authors came to believe that a re 
duced cardiac output is not essential to the production of conges¬ 
tive failure, and that the syndrome involves balancing the car¬ 
diac output against the metabolic requirement of the individual, 
where the cardiac output is antecedently high (cor pulmonale, 
arteriovenous fistula, thy rotoxicosis, Paget s disease, ben beri, 
chronic anemia) cardiac insufficiency will become apparent at a 
higher level of cardiac output than in a person with antecedently 
normal output 41 * 4 ,T * 17 * 19,4 ,m The difficulty in this view is that 
there is no method of ascertaining the 'metabolic requirement of 
the individual 
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There remains the question whether increased venous pressure 
should be explained on a pure hemod> namic basis, or as a complex 
reaction on the part of the bod) to compensate for cardiac weak 
ness b> increasing the heart’s filling pressure, a view which had at 
one time been held bj Starling and which has been defended re 
centl) b) Harrison, 9 * 1 Starr, 19 ” McMichael, m * and Landis, Brown, 
Fauteux, and ise 18S 

Reinterpretation of this problem began in 1940 with Starr and 
Raw son, 19,7 who reported that in a mechanical circulation model 
simulated heart failure did not cause an increase in ‘v enous’ pres¬ 
sure unless the capacit) of the ‘circulator) svstem’ was reduced 
or the blood %olume increased ssmultaneousl) with weakening 
of the pump Starr ,9M further noted that immediatel) after death 
the static pressure in the heart and blood vessels was some three 
times as high in patients d)mg with cardiac failure as in others 
without heart disease, and he concluded that the elevation of 
venous pressure observed in congestive failure is to be attributed 
larcel) to a combination of increased blood volume and venocon 
stnction rather than to backward congestion issuing from cardiac 
weakness In other studies, Starr, Jeffers, and Meade l9,s showed 
that acute and chronic damage to the right ventricle of the dog 
produces at best onl> a minimal increase in peripheral venous 
pressure 

On the basis of these and other studies, Starr emphasized es- 
sentiall) non-cardiac factors (pressure on the vessels bp tense, 
edematous tissue, active constriction of the venous reservoir, in 
creased blood volume accumulating m the most distensible ves¬ 
sels, 1 e in the veins) as of primary importance in the production 
of venous congestion and thus shifted emphasis away from the 
hemodj namic sequence ,9M 

SODIUM RETENTION 

Meanwhile Schroeder ,,<a found that the capacity to excrete so¬ 
dium chloride is greatlj reduced in patients with congestive heart 
failure and persistent edema, an observation which has been con 
firmed bv Burch and his colleagues, as reported in the Festschrift 
for Thomas Adda 199 and others Schroeder showed that the re 
stnction of salt intake to a level below the output in the unne 
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(generall) below 1 o gm/daj) arrested edema accumulation or 
caused diuresis, and Futcher and Schroeder 718 demonstrated that 
mercurial diuretics, long used clinically in the reduction of edema, 
markedly increased sodium and chloride excretion The> suggested 
that sodium retention and hence edema formation issued from in 
creased tubular reabsorption of sodium by the renal tubules 

Warren and Stead,* 147 on the basis of the foregoing observations, 
examined the effects of administering sodium chloride to 2 edema 
forming patients, and observed that accumulation of extracellular 
fluid, as judged by increase in bod) weight and plasma volume, 
occurred before there was any increase in venous pressure They 
concluded with Starr that the rise in venous pressure issued di- 
recdy from the increase in plasma volume, which the) attributed 
to the edema itself, i e to the expansion of the extracellular fluid 
Seeking the cause of the latter, the) emphasized the diminished 
renal excretion of sodium and concluded that the edema of con 
gestive failure results not from capillary pressure but from the 
failure of the kidney to excrete salt (and secondarily water), for 
reasons then unknown 

In this view, the renal retention of salt and water leads to ex 
pansion of the extracellular fluid and this leads to expansion of the 
plasma volume, which m turn leads to increased venous pressure 
As hemodilution occurs in consequence of the retention of salt and 
water, reduction of the concentration of plasma proteins serves as 
a stimulus to protein production, and the plasma protein concen 
tration is restored to or near normal so that the plasma volume and 
s)stemic venous pressure tend to be stabilized at supernormal 
values even though interstitial fluid pressure is not greatl) in 
creased 

This view, which emphasizes excessive conservation of sodium 
b) the kidnej s as a result of circulator) insufficiency is sometimes 
designated the forward theor) of failure without due regard to 
the older usage of this term It must be noted that, although it 
shifts emphasis away from the hemod)namic sequence, the so¬ 
dium retention theory does not abandon basic hemodjnamic pnn 
ciples in their entiret) Indeed, even the proponents of the ‘for 
ward theory still envisage the pulmonar) edema which accom 
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pames left ventricular failure as a simple hemodynamic (albeit 
erroneously ‘backward' failure) sequence 

RENAL ISCHEMIA 

Why the kidneys retain salt and water in congestive failure was 
then explored by who showed in patients with per¬ 

sistent edema (l e who were in such a state of failure that they re¬ 
quired repeated mercurial diuresis to avoid edema on bed rest) 
that the filtration rate is reduced to one-third or one-half of the 
normal, the renal plasma flow to an even greater extent, indicating 
a marked diversion of blood away from the kidneys Reduction m 
mulin, phenol red, and urea clearances had previously been re¬ 
corded by Sey mour, Pritchard, Longley, and Hayman, ,MJ after 
compensation effected by digitalis and mercurial diuresis, the 
phenol red clearance increased in proportion to the cardiac output 
but the inulin clearance showed no consistent change 

Merrill believed that the decrease in filtration rate reduced the 
quantity of sodium delivered to the tubules and, assuming normal 
reabsorptive activity, this circumstance permitted ‘unsaturation' 
of the tubules and almost complete reabsorpuon of sodium Since 
water is invariably retained in the body in proportion to sodium, 
this reduction in filtration rate led to the retention of both sodium 
and water The mechanism by which the renal plasma flow was 
decreased was unknown, Merrill was unable to correlate this de¬ 
crease with either increased peripheral venous pressure or in¬ 
creased pressure in the right atrium, on the other hand, the degree 
of renal ischemia did correlate well with the decrease in cardiac 
output, and he concluded that the decrease in renal circulation was 
related to circulatory insufficiency Here is the onlv warrant for 
the use of the term ‘forward' failure in this connection, on the 
widely accepted but unsubstantiated premise that cardiac output 
is reduced relativ e to the oxy gen requirements of the body (in the 
majority of patients studied by Merrill, the systemic oxygen ar- 
tenal-venous difference exceeded the normal value of 40 to 60 
cc/100 cc ), one may liken chronic congestive failure to shock or 
syncope 

Merrill and Cargill***• subsequently reported that, among 25 
patients with a filtration rate less than 80 cc/mm, all required 
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mercurial diuresis to prevent edema, whereas only j patients with 
a filtration rate greater than 85 cc , and none with 1 filtration rate 
greater than no cc required diuretic therapy The critical filtra 
tion rate appeared to be about 70 to 80 cc/min The) found that 
the filtration rate is reduced by exercise, a phenomenon which has 
been demonstrated in normal subjects by other investigators (ch 
xiv), this reaction being exaggerated m some cardiacs so that 
during exercise the filtration rate, otherwise above the critical 
level, might fall well below this level, 1 e the renal blood flow was 
somehow decreased disproportionatelj whenever the cardiac out 
put proved to be insufficient to meet the demands of the bod) In 
normal subjects the cardiac output increases during exercise, but 
there is little or no increase in persons with congestive failure, and 
consequently there develops a large s)stemic oxygen arterial 
venous difference which, Hicham and Cargill •” suggest, reflects an 
inadequate oxygen suppl) or too low oxygen tension in the tissues 
It is this inadequate o\)gen supply, in their view, which leads bj 
some mechanism unknown to renal ischemia and sodium reten 
tion * 

The renal ox)gen arterial venous difference in congestive failure 
has been found to be consistentl) elevated in 9 subjects studied b) 
Breed and Maxwell (unpubl data), with an average of 2 8 cc/100 
cc as compared to their control average of 1 4 

But it seems that the renal ischemia in congestive failure is not 
generally of such a degree as to impair tubular excretion, and that 
the PAH clearance used to measure renal blood flow maj be ac 
cepted at its face value fit has been noted elsewhere (ch a 1) that 
Epah in normal subjects averages o 92 (o 88 to 1 00) In 9 obsera a 
tions on subjects with no renal patholog) but m congestive failure 
Merrill im reported 2 below o 85 (o 64, o 63), Warren, Merrill, 
and Brannon *“* list 2 determinations as o 82 and o 90, Edelman 
and his coworhers 187 report an average of o 90 o 037 (088 to 

* As stated above, how one can determine whether the oxjgcn supply or par 
tial pressure is inadequate is not clear Marked degrees of hypoxia do not cause 
a reduction in filtration rate in short experiments in man (ch xi>) nor does 
hypoxia further reduce the filtration rate in patients tn failure (c tdt in/ra) 

f PAH cannot be d ssoKed in glucose solution for administration to patients 
in congestive fa lure because of the formation of a poorlj cleared glucose deriv¬ 
ative (ch v) 
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091) m 10 subjects, and Breed and Maxwell (pers com ) report 
an average of o93 (o 88 to o 96) in 4 subjects 
Numerous investigators have confirmed the presence of renal 
ischemia in most patients with congestive failure Mokotoff, Ross, 
and Lei ter M ” report that, in 16 patients with persistent edema at 
rest, the mannitol clearance averaged 66 8 =t 13 2 and the PAH 
clearance 191 5 zt 54 4 cc, figures to be compared with 103 
12 8 and 627 ± 86 6 cc in their immediate senes of 14 normal or 
non failure controls Briggs, Fovvell, Hamilton, Remington, 
Wheeler, and Winslow * 5 ' report that in 14 uncompensated pa 
tients the thiosulphate clearance averaged 70 cc Aas and Blegen * 
report inulm clearances ranging from 21 to 97 cc and PAH clear 
ances ranging from 47 to 335 cc in 4 patients wnth slight to marked 
edema, the filtration fraction ranged from 17 2 to 38 4 In 5 pa 
tients, with a variety of cardiac impairments but without edema, 
the inulm clearance ranged from 86 to 109 cc , the PAH clearance 
from 319 to 538 cc They confirm the effects of exercise in reducing 
the renal blood flow Baldwin, Villarreal, Sirota, Schreiner, and 
Wesson (pers com ) report that in n uncompensated patients the 
muhn clearance ranged from 47 to 129 cc , but 4 of them had per¬ 
sistent edema although the filtration rate (9% 97, 98, and 101 cc) 
was above Merrill s critical range In ro patients m congestive 
failure due to rheumatic valvular disease, studied b> Edelman and 
his coworkers, 1 * 7 the renal plasma flow was reduced about 70 per 
cent, the filtration rate about 50 per cent The corrected filtration 
fraction averaged 0319 ± 0074 as compared with their control 
figure of o 175 ± o 033 

In keeping with this interpretation, Weston and Escher * rt * 
attribute the resistance to mercurial diuresis, which is sometimes 
shown b) patients m congestive failure, to an excessivelj low 
filtration rate They state that, if the filtration rate is increased b) 
ammophylhne or hypertonic saline, a marked rise in sodium and 
water excretion occurs 

Hilden m * reports that the thiosulphate clearance m 6 patients 
m congestive failure ranged from 48 to 83 per cent, while Titid 
ranged from 45 to 98 per cent of normal The thiosulphate clear 
ance/Tmp ratio w as remarkablj constant in the range 2 1 to 2 73, 
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which is scarcely bejond =bi<r from the mean normal value of the 
inulin clearance/TmD ratio of 2 63 ± 0.344* 

CONTRARY VIEWS 

With the exceptions noted, the observations above are in agree¬ 
ment with Merrill's thesis that in patients with persistent edema 
the renal blood flow and filtration rates are so low as to demon¬ 
strate a reduction in the renal circulation. As a concomitant of 
this renal ischemia, the filtration rate is reduced and sodium ex¬ 
cretion becomes difficult or impossible. The salt retention theory 
has not escaped criticism, however. 

Landis, Brown, Fauteux, and Wise 1,04 have emphasized, rela¬ 
tive to Starr’s experiments on dogs, that he measured the venous 
pressure at rest; they point out that in the face of even severe car¬ 
diac incompetence the venous pressure may increase only during 
exercise or other conditions where the venous return is increased 
and the weakened heart overloaded These investigators demon¬ 
strated, moreover, that the intravenous administration of blood 
or saline to normal dogs in amounts equal to or substantially 
greater than the normal blood volume does not produce a sus¬ 
tained rise in venous pressure, and they note that conspicuous 
edema occurs in nephrosis without increase in blood volume or 
elevation of venous pressure. They suggest that the hypervolemia 
of failure is a compensatory reaction to many episodes of reduced 
‘effective’ blood volume, and that renal retention of sodium and 
water as well as overproduction of er> throcytes and plasma pro¬ 
teins fall into this compensatory pattern. 

Warren, Merrill, and Stead * ,4 ‘ reported that 1 hr. after an 
amount of saline equal to the body weight had been given in¬ 
travenously to 3 dogs (over a period 6 to 8 hr.) the plasma volume 
was increased by only 9 per cent in one dog and 4 per cent in a 
second, while it decreased by 2 per cent in a third; the venous 
pressure was unchanged in 2 dogs and increased by only 80 mm. 
saline in the third. Calculations from the recorded weights in¬ 
dicate that at the time these measurements were made the extra¬ 
cellular fluid in these 3 animals had been increased by some 90, 
130, and 135 per cent. In view of this demonstration that saline in 
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sufficient quantit} to double the extracellular fluid fails to increase 
either blood volume or venous pressure, one ma> vender if some 
10 pounds of edema, or an amount sufficient to double the extra 
cellular fluid volume in man, would be associated with an increase 
in both blood volume and venous pressure to the extent observed 
m cardiac failure 

Reichsman and Grant u#0 report that, after the withdrawal of 
digitalis in 3 patients with mitral stenosis and auricular fibrilla¬ 
tion, the venous pressure clearlj rose ahead of the gain in weight 
and the formation of edema, but this is to be expected hemod) 
namtcallv and throws no light on the origin of edema because, as 
Merrill ”** notes, it is probable that in these patients the rise in 
venous pressure is coincident with the fall in cardiac output, and 
the latter ma> be the effective factor in inducing sodium retention 

Roos and Smith 1,0 have shown that acute left ventricular 
failure, induced in dogs b> coronary embolism following the in 
jection of starch into the left ventricular chamber while the aorta 
is obstructed, leads immediate!) to pulmonar) congestion and in 
creased sjstemic venous pressure, these effects being augmented 
if the blood volume is moderatel) increased The) visualize the 
sequence m hemod) namic terms, without reference to the present 
issues 

Borst, m reviewing the earlier evidence, rejects the interpreta¬ 
tion that reduction in filtration rate represents a disturbance in 
renal function He fav ors the view that sodium retention and ex 
pansion of blood volume constitute an adaptive reaction, the end 
effect of which is to increase cardiac output b) increasing venous 
pressure He marshalls to the support of this interpretation nu 
merous data on other clinical disturbances 

Bnggs and his coworhers,”* stud) mg 10 patients before and 
after compensation effected b> bed rest, low salt diet, diuretics, 
and digitalis, argue that the sodium clearance improves with 
compensation independently of the initial magnitude or direction 
of change in the filtration rate* However, these investigators 

* To measure the filtration rate these investigators used sodium thiosulphate, 
which involves the obi gatory excretion of 2 or more equivalents of sodium for 
e» erj mo! of thiosulphate administered The sodium clearances recorded range 
from 1 to 3 cc., equivalent in sodium chloride to 9 to 27 gm/daj, or 3 to 9 
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used digitalis or mercurial therapy to promote compensation, and 
it would seem that this only demonstrated that compensation can 
be effected by therapy (mercurials certainly, and digitalis pos¬ 
sibly) which specifically promotes sodium excretion regardless of 
the filtration rate. 

The thiosulphate clearances observed by Briggs et al. ranged 
from 20 to 120 cc (extremely low to low normal) in uncom¬ 
pensated patients, and in only 4 did the clearance increase with 
compensation under therapy The mean thiosulphate clearance in 
14 uncompensated patients was 700 cc and in 9 compensated 
patients 81.2 cc They note that the thiocyanate space decreases 
consistently with compensation, which is to be expected with re¬ 
duction of edema However, the thiocyanate space is notoriously 
variable and unreliable as a measure of extracellular fluid 

Data on cardiac output, oxygen artenal-\enous difference, and 
approximate oxygen saturation of mixed venous blood lead them 
to emphasize the lowered venous oxygen saturation, 55 per cent 
in 14 uncompensated patients as compared with 67 per cent in 11 
studied after compensation (calculated as venous/artenal con¬ 
tents X 100), as an important causal factor in the genesis of events 
in congestive failure and possibly related to reduced sodium clear¬ 
ance. They affirm that edema does not have a hemody namic ori¬ 
gin, since right atrial pressure, though higher than normal, was 
not consistently higher in the uncompensated than compensated 
state. 

Farnsworth 417 found no correlation between filtration rate and 
chloride clearance m a patient in congestive failure, the chloride 
clearance varying from o09 to 1.74 cc at filtration rates of30 to 
64 7 cc, and Farnsworth and Krahusin 4,1 report a normal filtra¬ 
tion rate and renal plasma flow m 1 out of 2 patients 

Kattus, Sinclair-Smith, Gcnest, and Newman ,0M observed in a 
young subject with valvular rheumatic heart disease that exercise 

mg/min of sodium at their mean sodium plasma concentration of 3 22 mg/cc. 
At a plasma level of 25 mg/100 cc of sodium thiosulphate, a filtration rate of 
100 cc would entail the obligator) excretion of 7 mg of sodium, so that the 
recorded ‘sodium clearances’ are in great part or in whole thiosulphate clear¬ 
ances, and the changes observed before and after compensation ma) be related 
incidental!) to variations in the plasma level of this test substance or the rate 
of its oxidation to sulphate 
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consistently decreased renal blood flow, filtration rate, and sodium 
excretion; however, during recovery the filtration rate returned 
to the control level before the excretion of sodium did. Normal 
subjects show the same decrease in sodium excretion during exer¬ 
cise, and sometimes to just as marked an extent as did the cardiac 
patient, but with no change in filtration rate. Hence they conclude 
that sodium retention is due to increased tubular reabsorption, 
and is a normal response to exercise and may be expected in the 
cardiac as well as in the normal subject, although the response is 
exaggerated in cardiac failure. Extending these observations, 
Sinclair-Smith el a/. liK have challenged the low filtration rate 
theory on the grounds that mild exercise, which causes sodium 
retention in normal subjects without significant reduction in 
filtration rate, invariably causes sodium retention in patients with 
congestive failure whether the filtration rate decreases or not, 
and, where the filtration rate is decreased, the sodium retention 
effect outlasts it. Sodium retention occurred where the endogenous 
creatinine chromogen clearance had a value of 100 cc. or slightly 
better, as opposed to Merrill and Cargill’s lU0 critical value of 70 
cc. Moreover, 1 patient observed over a period of 24 days had a 
filtration rate (109 cc. by endogenous creatinine chromogen) 
within normal limits when first studied in the edematous state. 
Under digitalis, bed rest, and salt restriction, diuresis and decrease 
of peripheral venous pressure occurred, without change in filtra¬ 
tion rate. The renal plasma flow increased, however, from sub¬ 
normal values (188 cc.) toward normal (417 cc.), decreasing the 
filtration fraction from 54 to 23 per cent. The authors believe that 
physical stress, operating by the same mechanism as operates in 
normal subjects during exercise, increases sodium reabsorption; in 
more advanced stages or with greater stress, the filtration rate is 
reduced, causing added retention of sodium by lowering the fil¬ 
tered load. 

In a preliminary report Blegen 1K reports that in 8 normal sub¬ 
jects he and Aas obtained a significant increase in renal plasma 
flow with no change in filtration rate while breathing 9.5 per cent 
oxygen. Excluding patients with aortic stenosis, patients in con¬ 
gestive failure reacted like the normal subjects, and they infer that 
renal ischemia is not due to hypoxia per sc. Why patients with 
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aortic stenosis do not react to hy poxia is not clear Blegen also 
records the interesting observation that the renal plasma flow is 
reduced in subjects with valvular lesions but with no signs of right 
heart failure 

Threefoot, Gibbons, and Burch 1077 affirm that weight and ve 
nous pressure vary directly with sodium and water retention, but 
were unable to show that either one preceded the other 

Davis and Shock 477 find that, of 6 patients in congestive failure, 
4 showed a low sodium clearance despite a normal filtration rate, 
whereas in the 2 patients who had low filtration rates the sodium 
clearance was higher than the mean of their 25 normal subjects 
These 2 subjects were found, after compensation was effected, to 
have (arteriosclerotic ? ) renal disease as judged by loss of concen 
trating power (All were receiving saline at 3 cc/min ) This lack of 
correlation leads them to conclude that reduction of filtration rate 
is not the primary mechanism for sodium retention All 4 subjects 
without renal disease showed a marked or extreme reduction in 
renal plasma flow, the filtration fraction being correspondingly 
elevated (0379 to 060) Theophylline ethylene diamine had a 
more variable effect on renal function in these subjects than in 
normal subjects The filtration rate and effective renal plasma 
flow failed to increase at all in some patients and increased over 
100 per cent in others, but there was no consistent change in fil 
tration fraction Similarly, the sodium clearance increased 
markedly in some and only slightly in others The failure of the 
sodium clearance to increase consistently during a period of in 
creased filtration rate supports this conclusion 

REVAL V ENOUS PRESSURE 

Hinton r,s showed that increasing \enous pressure in the isolated 
perfused kidney of the dog leads to increased reabsorption of salt 
and water Bradley and Bradley Mi observed that, in normal sub 
jects, experimentally increased mtra abdominal pressure, which 
raises vena caval pressure to 20 mm Hg, increases reabsorption of 
water, as indicated by increased U/P ratio of inulin or mannitol, 
an effect which passes off immediately when the pressure is re 
moved, and Bradley, Mudge, Blake, and Alphonse 511 have shown 
that decrement m water output is associated with an even greater 
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diminution of sodium excretion. These effects are clearlv demon¬ 
strable in patients with diabetes insipidus and are apparent!) not 
referable to changes in ADH secretion. Here, however, the effects 
of increased renal pelvic (urme) pressure cannot be separated from 
those of increased renal venous pressure. But Blake, "Wegna, 
Keating, and Ward IM have found that, if the renal venous pres¬ 
sure is increased into the range of 21 to 27 mm. Hg in laparoto- 
mvzed, anesthetized (pentobarbital) dogs, sodium and "ater re- 
absorption b) the renal tubules is substantially increased, with no 
significant change in filtration rate or renal blood flow. The effect 
is immediate and it is limited to the kidney involved, and hence 
it is not related to the release of pituitar), adrenal, or other hor¬ 
mones. There was no associated change m Tihg. Without dis¬ 
counting the role of reduced filtration rate in edema formation, 
Blake el al argue (incorrectly, the writer believes) that in heart 
failure the increase in right ventricular pressure at the end of 
diastole is probably an earlv if not the first event in failure, and 
this ma> lead to an increase in renal venous pressure somewhat 
ahead of the decrease m cardiac output itself. 

W'hereas Blake and his coworkers observed no change in renal 
blood flow or filtration rate m dogs when the renal venous pressure 
was raised to 27 mm. Hg, Selkurt, Hall, and Spencer , * - ' 4 under 
similar conditions found that these functions decreased propor¬ 
tionally as the perfusion pressure across the renal circuit de¬ 
creased An elevation of renal venous pressure of such a mag¬ 
nitude as to decrease the arterial-venous pressure difference across 
the kidney b) about 11 per cent reduced the renal blood flow* and 
filtration rate by j 5 per cent, but the authors believe that this is 
not enough to favor sodium retention, and that mechanisms other 
than increased renal venous pressure must be operative in con¬ 
gests e failure. Their results are qualitatively in agreement with 
those of Bradley and Bradley a> on abdominal compression in 
man, but the difference in respect to the effects of increased renal 
venous pressure on filtration rate and renal blood as reported by 
Selkurt el al. and Blake el al. remains unexplained. 

Maxwell, Breed, and Schwartz ,u * report an average renal ve¬ 
nous pressure in 17 normal subjects of 11.7 (10 to 14 6) mm. He. 
In 9 subjects m congestive failure with persistent edema the aver- 
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age figure was 22 4 (12 7 to 30 o) mm Hg, although there is some 
overlap, the average figure in failure is well within the range which 
leads in the experiments of Blake et al to sodium and w ater reten 
tion in the dog 

Maxwell et al consider whether the observed increase in renal 
venous pressure can account for the reduction in renal blood flow 
and filtration rate in congestive failure, as has been suggested by 
Seymour et al ,M * Using the equations of Gomez (ch xvm) and 
typical data on renal function they find that in congestive failure 
the total renal resistance is in the mean increased bj 146 per cent, 
afferent arteriolar resistance b> 200 per cent, efferent arteriolar 
resistance b> no per cent, and the terminal renal venular re 
sistance by 172 per cent (See also fig 118 ) In relation to overall 
resistance the venous component represents only an 18 per cent 
increase Substituting an elevated (22 mm Hg) for control (11 
mm Hg) renal venous pressure in calculations on an idealized nor 
mal subject, the renal blood flow would be reduced from 1200 to 
1032 cc , representing a reduction of onl> 14 per cent, far less than 
occurs m congestive failure They conclude that in failure active 
constriction of the afferent and efferent arterioles Iargel> accounts 
for the renal ischemia, the increased renal venous pressure being 
an additional factor in some cases only, and never the important 
one This conclusion is supported by the observation of Merrill 
that the decrease in renal blood flow does not correlate with the 
increase in peripheral venous pressure 

Bradley 34 has called attention to the fact that a reduction in 
filtration rate does not necessarily imply that there is glomerular 
tubular imbalance if some nephrons are inactive, glomerular 
tubular balance may be maintained in the residual functional tis 
sue He notes that although the filtration Tate is generally re 
duced in congests e failure, the increase during compensation is 
relatively slight,* and patients may live for years with a marked 
reduction m filtration rate (essential hypertension, some ne 
phntics) with no obvious disturbance in sodium and water bal 
ance and no edema More cogently, perhaps, he emphasizes that 
left ventricular failure with circulatory insufficiency may develop 

•The process of spontaneous compensat on w rhout artificial natnures s is 
one on wh ch there is ! ttle informat on (vide tnfrci) 
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and persist for vears with no formation of edema, so long as ve 
nous pressure does not nse He concludes that increased v enous 
pressure and reduction of filtration rate both operate (with per 
haps other factors) to produce sodium and water retention, the 
production of edema will operate to embarrass the alread\ m 
adequate circulation b) further increasing blood volume, venous 
pressure, and tissue hypoxia, and thus contribute to a vicious 
cjcle Conversel), it maj be noted that h\poxia associated with 
chronic pulmonar) disease or congenital cardiac defects does not 
lead to edema, so that hj poxia alone does not seem adequate as a 
stimulus to sodium retention, either b> reduction of filtration rate 
or increased tubular reabsorption Neither does acute h) poxia 
reduce the filtration rate in normal subjects or in patients in con 
gesme failure 

Heller and Jacobson * 50 have studied 3 groups of patients with 
out histor) of h>pertensive disease (figs 122 and 123) 

Group A, 5 patients with rheumatic valvular heart disease but 
without previous or present evidence of congestive failure 

Group B, 12 patients who had been in congestive failure but 
who were edema free and climcall) compensated at the time of 
studv Compensation had been achieved b\ digitalis, bed rest, and 
a salt free diet 

Group C, 13 patients who were in a state of cardiac decompensa 
tion at the time of stud) Nine had edema v ar> ing from a trace 
to 4+, the other 4 had pulmonar) congestion and hepatomega!) 

In those patients in the edematous state at the time of stud) 
(group C) the filtration rate ranged from 54 to 105, and averaced 
75 ± 20 9 cc , the renal plasma flow ranged from 90 to 313* anc * 
averaged 190 db 58 ** cc , the filtration fraction ranged from 0323 
to o 554, and a\ eraged o 405 ± o 083 These figures are to be com 
pared with the authors data on 8 normal subjects of 103 =fc 7*4 
603 ± S4.4 and o 174 ± 0023, data which are in reasonable 
agreement with those summarized in table xii These patients 
showed the reduction in both filtration rate and renal plasma flow 
which characterizes the edematous state in congestive failure 
In those patients who had been in edema but were edema free 
at the time of stud) (group B) the filtration rate ranged from 64 
to 117 and averaged 86 i 18 6 cc , the renal plasma flow ranged 
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I irtinE 122 The filtration rate, renal plasma flow, filtration fraction, and TmpAii 
in normal contrtl suljects and patients with organic heart disease (Heller and 
Jacol son “*) 
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from 214 to 444 and averaged 320 ± 86.5 cc.; the filtration frac¬ 
tion ranged from 0.178 to 0.380 and averaged 0.283 ± 0.075. 
Thus, despite ‘compensation’ effected by digitalis and sodium re¬ 
striction, renal ischemia and reduced filtration rate persisted, al- 
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Ficcxe 1:3 Correlation between log renal plasma flow and log \ enous pressure 
Correlation coefficient r *= —o 6969. P is less than o ol, indicating a s'gnlficant 
degree of correlation. (Heller and Jacobson *»•) 

though renal ischemia was not so severe as in the edematous pa¬ 
tients. 

As previously recorded by Blegen, 1 * 1 Heller and Jacobson found 
that in 5 patients with rheumatic valvular disease who had never 
been in congestive failure (group A) the renal plasma flow was re¬ 
duced (range 338 to 556, average 433 ± 97.2 cc.). (This represents 
a statistically significant decrease, P less than 0.01.) But the fil- 
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tration rate was close to normal (range 85 to 146, average 101 ± 
25 7 cc ) >ielding a high filtration fraction (range o 172 to o 281, 
average o 234 ± o 04) The demonstration of reduced renal 
plasma flow in the presence of rheumatic valvular disease but 
without congestive failure is a highl) interesting obser\ation, it 
should be noted, however, that the renal response differs quill 
tativel) from that in congestive failure, in that the filtration rate 
is not reduced, and the renal ischemia ma) have a different mecha 
nism 

In 6 patients studied during the edematous state and after 
‘compensation’ effected by digitalis, bed rest, and salt restriction, 
the filtration rate increased in only 2 out of 4, and this increase 
was only 16 and 18 cc , the renal plasma flow, however, increased 
in all, from an average of 225 to 355 cc , the average filtration frac 
tion falling from o 481 to o 319 

Hdden’s 1001 observations on the reduction of Tmn in patients 
with congestive failure have been cited above Heller and Jacobson 
find that in edematous patients (group C) Tmp A n is substantial!) 
reduced (range 20 9 to 79 7, average 44 2 ± 17 8 mg ) as measured 
at load/T ratios of 1 5 or more In the ‘compensated’ group (group 
B), TmrAii averaged 71 6 rfc 16 5 (range 44 5 to 97 1 mg ), and in 
2 patients studied before and after compensation this function in 
creased from 36 o to 65 4, and 53 o to 78 4 mg, respective!) 
Tmpui "as essentiall) normal in the 5 patients with valvular 
disease (average 73 I ± 19 2, range 479 to 910 mg) These 
figures may be compared with the authors’ average value for 
TmpAii in 7 normal subjects of 80 3 =b 20 3 mg (range 60 8 to 
105), a figure which agrees excellentl) with that given in table 
xii In interpreting the reduction in Tmp\n in the edematous 
state of congestive failure, the authors dismiss the possibilities of 
an anatomic reduction of the number of active nephrons, inter¬ 
mittent glomerular occlusion, blockage of ‘low pressure* nephrons 
b) elevated venous pressure, and specific tubular injur), in favor 
of the interpretation that extreme (efferent) arteriolar spasm leads 
to tubular ischemia The fact of this reduction is important, but 
in view of the circumstances that TmpAn is sensitive to hormonal 
control from the anterior pituitar), to anoxia and perhaps other 
factors, the interpretation ma) perhaps be left open 
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In group C the average peripheral venous pressure during de¬ 
compensation was 18 4 ± 5 5 cm of saline With clinical recover} 
this value returned to the normal level of 8 4 ± 2 7 cm In the 6 
patients studied before and after compensation, these figures were 
20 2 and 7 6 cm In both groups the renal plasma flow increased 
after compensation, but m view of the observations of Maxwell, 
Breed, and Schwartz it seems unlihel) that the decrease in v enous 
pressure could account for the change in renal plasma flow The 
correlation coefficient between renal plasma flow and venous pres¬ 
sure among patients with congestive failure was not significant!} 
different from zero, as Merrill ,u * has noted But if one combines 
all groups (congestive failure with edema, congestive failure with 
out edema, and compensated heart disease) the correlation is high 
(fig 123) To the writer, this does not impl> that the increase in 
venous pressure causes the reduction in renal plasma flow, but 
onlv that both terms are gross!} related to the sevent) of cardiac 
insufncienc}, however this operates to affect either term 

DIURNAL VARIATIONS 

Perera and Berliner u *» have shown that, both in normal subjects 
and in patients with chronic congestn e failure, the plasma protein 
concentration, hematocrit, and red cell count varj in a diurnal 
c}cle, being lowest in the earl} morning after a night’s bed rest 
Their interpretation is that m the horizontal position extracellular 
fluid moves into the vascular tree in the manner of an autom 
fusion and increases the blood volume The} believe that this 
phenomenon pla}s a significant role in the genesis of orthopnea, 
paroxvsmal d>spnea usuall} occurring during the earl} morning 
hours or after prolonged rest 

Brod II * concluded from endogenous creatinine chromogcn 
clearances that the filtration rate in man) subjects with congestive 
heart failure increases during sleep, in contradistinction to norma! 
subjects where, if an) change occurs, it decreases Baldwin, Vil 
1 arrest, Schreiner, Sirota, and Wesson (pers com), m studies 
paralleling those which Sirota, Baldwin, and Villarreal*” 1 have 
reported on normal subjects (ch xi), find in a small number (6) 
of patients with persistent edema that the inuhn clearance in 
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creased during sleeping hours in all, the average increase being 17 
per cent (range +6 to 35). The urine flow increased rather more 
than the filtration rate (average 25 per cent, range —7 to +50) so 
that in the mean the inulin U/P ratio fell (average —8 per cent, 
range —22 to +9); hence there is apparently some diminished 
water reabsorption superimposed upon increased filtration. The 
interpretation of this diuresis is rendered difficult, however, by 
irregularity in water intake and by the possibility of diurnal 
changes in sodium diuresis. The maximal rates of urine flow were, 
however, all low (0.38 to 0.69 cc/min.). This inversion of the 
diurnal cycle is less frequently observed in patients with con¬ 
gestive failure who are not in the edematous state. The data are 
insufficient to establish whether the change in filtration rate is 
correlated with increased sodium excretion, which in 3 patients 
studied increased by an average of 34 per cent. It has been noted 
(ch. xi) that in normal subjects sodium excretion is generally de¬ 
creased during sleep, despite a constant filtration rate. It seems 
likely that here sodium excretion and filtration rate are not di¬ 
rectly related. 

SPONTANEOUS DIURESIS 

Brod and Fejfar report that spontaneous changes in diuresis in 
uncompensated patients are always secondary to changes in renal 
plasma flow; increased diuresis is always accompanied by an in¬ 
crease in filtration rate and t ice Ursa. Such spontaneous changes 
in diuresis and renal plasma flow are neither preceded nor ac¬ 
companied by consistent changes in right auricular pressure. They 
believe that changes in renal plasma flow are independent of 
changes in cardiac output, and issue from altered distribution of 
blood in the body. They accept that the retention of salt and 
water is primarily a result of decreased renal blood flow and filtra¬ 
tion rate. Hemodilution is known to occur in normal subjects at 
night, when the urine flow decreases (ch. xi) and fluid moves from 
tissues to plasma. Patients in congestive failure and with per¬ 
manent oliguria, Brod and Fejfar report, show this same noc¬ 
turnal hemodilution, whereas in patients who show nocturia a 
transient hemoconccntration occurs shortly after the onset of the 
nocturnal increase in urine flow. 
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PERIPHERAL VENOUS CONGESTION 

Wilkins, Culbertson, Burrows, Tinsley, Judson, and Burnett 
have shown that venous congestion of the legs for periods of io to 
20 min. leads to a transient decrease in filtration rate, renal 
plasma flow, decreased excretion of sodium, potassium, and chlo¬ 
ride, and antidiuresis, and they suggest that peripheral venous 
congestion resulting from the increased venous pressure in con¬ 
gestive failure may contribute to decreased renal function and 
sodium excretion. Their studies seem to be equally pertinent to 
the problem of tourniquet shock (ch. xxiv). 

LYMPHATIC DRAINAGE 

The role of impaired lymphatic drainage in promoting the edema 
of chronic congestive failure has not been well defined. In 1876, 
Gaskell showed that the small lymphatics are connected to the 
formed elements of the connective tissues by fibrils. As edema 
forms, distention of the tissues pulls the lymphatic walls apart 
rather than compressing them. McMaster has confirmed this 
observation and finds that, despite wide open lymphatic channels, 
regions of edema failed to show evidence of lymph flow when 
locally injected with dye.” 1 * The absence of flow is difficult to 
reconcile with the dilated lymphatics, and he suggests that lym¬ 
phatic stasis issues from the fact that during dilatation of the 
vessels the valves are incompetent. Certainly, the efficiency of 
lymphatic drainage must be taken into account in an already 
complicated problem. 


CARDIAC TAMPONADE 

Fishman, Stamler, Katz, Miller, Silber, and Rubenstein ,se have 
shown that pericarditis with tamponade in dogs causes an increase 
in peripheral and central venous pressure pari passu with in¬ 
creased in tra peri cardial pressure. The initial rise in peripheral 
venous pressure occurs without increase in blood volume. The 
authors accept that this increased venous pressure supports right 
atria! effective filling pressure and helps to preserve cardiac out¬ 
put. Increased capillary pressure causes extravasation of fluid 
from the vascular tree, while simultaneously increased renal ve- 
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nous pressure leads to increased sodium reabsorption and edema, 
this sequence occurring without a decrease in resting cardiac out¬ 
put, renal plasma flow, filtration rate, or arterial blood pressure. 
Expansion of the extracellular fluid prevents hemoconcentration 
and reduction in blood volume despite progressive edema forma¬ 
tion Eventually, anasarca and increased blood volume develop. 

The ability of the heart with tamponade to increase its output 
to meet the needs of activity is limited and, with exercise, in¬ 
adequacy of cardiac output may bring into play' 'forward failure’ 
mechanisms (e g inordinately decreased renal plasma flow and 
filtration rate), which contribute to the salt and water retention. 

Progressive tamponade leads to further rises in venous pressure, 
but pre-terminally a critical level is reached, increased venous 
pressure no longer suffices to maintain adequate resting cardiac 
output and arterial blood pressure falls Both renal plasma flow 
and filtration rate decrease precipitously and this circumstance, 
with increased renal venous pressure, now operates to accelerate 
fluid retention and aggravate circulatory embarrassment. 

MECHANISM OF RENAL ISCHEMIA 

That the renal circulation is susceptible to physiological control is 
well demonstrated (chs. xi and xiv), but no information is avail¬ 
able on how the reduction in renal blood flow in congestive failure 
is effected. That renal ischemia is not neurogenic in origin seems 
fairly certain from the observations of Mokotoff and Ross, 1 **’ who 
obtained no increase m cither renal blood flow or filtration rate in 
patients subjected to high spinal anesthesia, the blood pressure 
being maintained by ephednne, a drug which does not act on the 
renal arterioles (ch. xiv). It is improbable that the reduction in 
blood flow is attributable to the continuous secretion of adrenalin, 
since chronic congestive failure does not present the cardinal 
symptoms of sympathetic excitation Since this renal ischemia is 
apparently not neurogenic and probably’ not adrenergic in origin, 
one turns with interest to other possible humoral agents Merrill, 
Morrison, and Brannon 11,1 very' tentativ ely suggested that it 
might be mediated by renin, since renal \enous blood in 8 out of 
11 cardiac patients examined by them showed a significant amount 
of this agent. 
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Alternatively, Mokotoff, Shorr, and their collaborators (pers. 
com.) ,<5 ' report that VEM was present in large amounts in the 
renal venous blood of 10 out of 12 patients in congestive failure, 
and especially those showing a high filtration fraction, in contrast 
to the presence of only trace amounts in 3 out of 13 control sub¬ 
jects. In such patients the oxygen saturation of renal venous blood 
was reduced; the mean renal capillary oxygen tension was cal¬ 
culated to be 44 mm. Hg as compared with 62 mm. in the control 
group, i.e. the renal parenchyma is suffering from significant 
hypoxia as judged by the oxygen tension which is critical for the 
aerobic enzyme system which destroys VEM. Although the renal 
oxygen arterial-venous difference is increased (3*35 1.09 cc/ioo 

cc.) above their normal figure (1.29 =fc 0.31 cc/ioo cc-), the renal 
oxygen consumption is somewhat reduced because of a reduced 
blood flow (iz.occ/min. as compared with 15.8 cc. in the controls). 
The critical state of renal hypoxia necessary for the liberation of 
VEM appears to be reached when the renal blood flow falls below 
600 cc/min., or about half the normal. VDM was present in he¬ 
patic venous blood samples in 10 of 11 patients in congestive fail¬ 
ure, while only 3 of 14 controls showed mild VDM activity. In 
femoral arterial blood there was a slight preponderance of VEM 
in 5 failure patients, but 4 showed preponderance of VDM, while 
a neutral response occurred in 2 failure patients as compared with 
13 controls, all of whom showed a neutral reaction. By decreasing 
the oxygen tension in the inspired air in 2 normal subjects, it w'3S 
shown that VEM is produced by the kidney after 15 min. of low 
oxygen, without a change in renal oxygen consumption or oxygen 
arterial-venous difference. The increase in VDM is significant in 
view of Myers and Hickam’s 107 demonstration that in congestive 
failure the hepatic blood flow is reduced to some 60 per cent of 
normal. 

VDM is an antidiuretic substance which apparently acts by in¬ 
creasing the secretion of ADH, and Shorr and his colleagues have 
suggested that it may play a role in the retention of water in the 
formation of edema. However, there is no evidence as yet that the 
retention of water per se will lead to the retention of sodium (ch. 
xi). It remains to be determined what relation, if any, increased 
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secretion of renin or VEM by the kidne) s, or of VDM by the liver, 
has to renal ischemia or other disturbances in congestive failure. 

ENDOCRINE FACTORS 

The importance of the adrenal cortex in salt and water balance is 
discussed in chapter xn, where it is noted that certain cortical 
hormones and related compounds, notably DCA, promote the tu¬ 
bular reabsorption of sodium. 

Futcher and Schroeder 7,8 and Warren and Stead 11,7 recognized 
that changes in endocrine activity might play a role in the re¬ 
tention of sodium in congestive failure, and numerous investi¬ 
gators cited above have had this possibility in mind, but informa¬ 
tion on the point is Jacking because of the absence of reliable tests 
for adrenal cortical activity. Parrish 1178 reports that the urine of 
patients in congestive failure shows increased glycogenic activity, 
and in 4 out of 10 instances there was an increased excretion of 
corticoids which prolonged the life of adrenalectomized rats. 
Deming and Luetscher 4,8 report increased excretion of a DOCA- 
like compound in congestive failure and nephrosis. Parrish rec¬ 
ognizes that increased corticoid excretion may represent a result 
rather than a cause of the electrolyte disturbances. It will pre¬ 
sumably be no easier to disentangle cause and effect in this area 
than in the sequence of increased venous pressure and edema 
formation. 

INDUCTION OF DIURESIS 

Despite the retention of sodium, water is retained to a propor¬ 
tional or greater degree, so that the plasma concentration of so¬ 
dium is generally low (129.6 to 139.1 as compared with I4O.9 to 
147.1 mEq/liter in normals), 457 - 884 this hyponatremia of course 
being aggravated by salt restriction and mercurial diuresis. 15,8 

It is now recognized that mercurial diuretics promote diuresis 
by reducing the tubular reabsorption of sodium, probably in the 
distal tubule. Whether mercury also specifically reduces water re- 
absorption is not determined (ch. xxvu). It seems probable that, 
once sodium is excreted, readjustment of water balance is effected 
through the normal operation of the supraopticohypophysial sjs- 
tem. 
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Xanthine derivatives tend to increase the filtration rate, but 
their effect in this respect is moderate, transient, and uncertain 
Sev eral inv estigators hare presented evidence that, in addition to 
this hemodvnamic effect, the xandune derivatives, and partial 
Iarlj theoph) lhne, specificaU) depress sodium reabsorption b) the 
renal tubules (ch xxvn) 

The therapeutic value of digitalis has long been attributed to 
its cardiac action, but McMichaet and Sharpe}-Schafer have ar 
gued Utt that it dilates the venous reservoir and in some instances 
ma) improve the stroke volume of the heart bj reducing ventncu 
lar v olume into the phv siological range of Starling’s law Handle} 
and Telford * a reaffirm that in dogs this drug decreases the 
plasma volume, increases the hematocrit and increases the thio- 
cjanate space, the last involving movement of water out of the 
tissues The) state, however, that there is no evidence that these 
extracardiac effects are concerned in its therapeutic use Ferrer 
and Soholoff m report that morphine and dern'rol ma) reduce 
mercurial diuresis, even though in the absence of a mercurial di 
uretic, morphine tends to increase natnuresis, presumabl) b> re 
lease of ADH 

Earle, Farber, Alexander, and Eichna lH have some evidence, 
not conclusive as v et but strong!} suggestive, that digoxin also has 
a speafic renal effect in blocking sodium reabsorption, inde¬ 
pendent!} of its effects on cardiac output or venous pressure (ch 
xxvm) The question ma} be raised whether compensation under 
digitalis, as well as under salt restriction and mercurial therapv, 
throws an) light upon the importance of the filtration rate in 
edema formation 

Water diuresis tends to be blunted in congestive failure, pre 
sumabl} because of the reduced filtration rate, and the effects of 
prolonged water diuresis on sodium excretion are rather am 
biguous ev en in the normal subject (ch xi) There is no convincing 
evidence that water diuresis increases the excretion of sodium 
either in the normal subject or in the subject in congestive failure 
Schemm 1 *® has recommended a regime of salt restriction coupled 
with the administration of ver} large quantities of water for the 
reduction of edema This regime, however, cannot be said to b“ 



INDUCTION OF DIURESIS 6 <)l 

physiologically well grounded, and in the hands of others has not 
proved superior to sodium restriction alone. 1 * 11 

In the absence of any method of improving the renal circulation 
and increasing glomerular activity, the therapy of congestive fail¬ 
ure must for the time being follow the conventional lines of im¬ 
proving cardiac action by digitalization, coupled with salt re¬ 
striction and such diuretic measures as promote the excretion of 
sodium. 

Dock has recently raised the question whether our salt intake 
has become excessive by habituation. He notes *** that among the 
great apes, living on seeds, nuts, and fruit, sodium intake rarely 
exceeds 250 mg. on a 3000 calorie intake; among primitive people 
in the tropical rain forests it is rarely more than 500 mg/day, and 
often is much less. The average intake for many Americans may 
exceed 5 gm/day. What significance, if any, this high salt intake 
has in accelerating the crisis of congestive failure remains con¬ 
cealed, along with many other questions, for future examination. 

A concise summary of the evidence bearing on the role of the 
kidney in chronic congestive heart failure would be as difficult as 
a final interpretation. It will perhaps suffice to emphasize a few 
outstanding points. 

When Starr, Warren, and Stead and Merrill approached a re¬ 
interpretation of this problem, no quantitative data were avail¬ 
able on the problem of glomerular-tubular balance and sodium 
excretion, but those data which have become available in the 
interim (ch. xi) support their emphasis upon the importance of 
glomerular-tubular balance; the operations of the distal tubule 
upon some small fraction (perhaps one-eighth) of the filtered so¬ 
dium determine the retention or excretion of this ion, and hence 
the overall retention or excretion of salt and water. The writer and 
his colleagues are prepared to accept that, all other factors re¬ 
maining constant, a reduction in filtration rate of the order of 
magnitude suggested by Merrill (to 70 to 80 cc.) will result in per¬ 
sistent sodium retention. 

It must be recognized, however, that sodium reabsorption, 
either distally or proximally, is profoundly influenced by adrenal 
cortical hormones, ADH, and possibly other factors, a circum- 
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stance which m part explains the maintenance of salt and water 
balance in the face of wide changes m filtration rate in health and 
disease, that, as Blake and his coworkers ha\e shown, a sufficient 
increase m renal venous pressure can reduce sodium and water ex 
cretion, that pure hemodynamic factors contribute to the in 
crease in sv stemic venous pressure and to the formation of edema, 
and, most importantly, that the renal ischemia and reduction m 
filtration rate cannot be attributed to the increase in renal venous 
pressure alone 

Sometimes it is disadvantageous to look upon ph> siological re¬ 
actions in health and disease as teleologicall> adaptive, the> oper 
ate as the) do because of an infallible sequence of cause and ef 
feet The fact of renal ischemia in the majority of patients in 
chronic congestive failure is incontrovertible The reason for this 
ischemia, and the means by which it is effected, remain my$- 
tenous It is probabl) not caused by hypoxia per se, and appar 
entl> not mediated neurogemcall) There is no reason at this time 
to believe that it is an adaptive phenomenon It ma> be accepted 
that the blood \olume is increased, but it is not proved that this 
increase is solel) a result of expansion of extracellular fluid vol 
ume ^part from McMaster’s demonstration of lymphatic stasis, 
nothing is known about lymphatic activity in the edematous 
state 

There are good reasons for believing that the renal circulation 
and the endocrine control of sodium excretion are normall) co¬ 
ordinated in such a manner as to maintain a normal volume of 
extracellular fluid (which is itself part of the circulator) sjstem, 
in a broad sense) In chronic congestive heart failure this co¬ 
ordination has broken down Renal ischemia, perhaps increased 
sodium reabsorption, certainly sodium and water retention, fol 
low, with the formation of edema, which serves not to increase the 
blood volume and the venous pressure in order to increase the 
filling of the heart in an attempt to increase cardiac output, but 
onl) to embarrass an already deficient heart and circulatory tree 
Accurate information on the sequence of events will not be ob¬ 
tained by overemphasizing one part of this complex and delicately 
co-ordinated system to the prejudice of another, but rather by an 
effort to acquire more precise quantitative information on each 
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part and to ascertain, where possible, the sequence of events, 
which may differ markedl) not only in relation to easily described 
pathology, but in relation to less easily described ph> siologica! 
circumstances. 

The chairman of a recent scientific session facetiously remarked 
that the current trend was to demonstrate that the heart had 
nothing to do with congestive heart failure. It ma) be that the 
heart is remotely involved in chronic congestive failure but, when 
the problem is fully resolved, a great deal of non-cardiac pH) siol- 
ogj will certainly have been added to this chapter. 



CHAPTER XXIII 


Essential Hypertension 


Various disorders of the cardiovascular sjstem lead to an increase 
in diastolic or sjstolic pressure, or both, but the most frequent and 
the most mjstenous is the condition known as essential h}p~r- 
tension, the etiolog) of which is unknown This disease is char¬ 
acterized b) elevation of both diastolic and sjstolic pressure, ele 
vation of the diastolic being a sine qua non and serving to distin 
guish essential hypertension from arterial sclerosis, aortic insuf 
ficienc}, arteriovenous fistulas, h>perth>roidism, and other con 
ditions wherein only the s>stolic pressure typical]} rises above 
normal limits The upper limits of ‘normal’ blood pressure are 
difficult to define, but as an arbitrary basis these limits are widelj 
taken as 90 mm Hg diastolic and 140 mm Hg s>stohc pressure. 

It is now well established that the basal cardiac output is not 
increased in essential hypertension **» 7 ” In a recent study b> 
Bolome), Michie, Michie, Breed, Schreiner, and Lauson,* 07 the 
cardiac index as determined bj the direct Fick method in 19 hj- 
pertensive subjects averaged 3 97 liter/min per sq m , in 18 nor 
hypertensive subjects, 4 07 liter/min persq m (Both figures are 
probabl) elevated slighd) b} the multiple procedures of cardiac 
output and clearance determinations, as pointed out on page JC2 ) 
The mean arterial pressure averaged 145 mm Hg m the hjper- 
tensive subjects, and 92 mm in the controls Admitted!}, the 

6^4 
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cardiac output in the basal condition does not cover all the exi¬ 
gencies of life but, at least as far as the basal state is concerned, 
the elevation of pressure may be attributed to increased periph¬ 
eral resistance. The fact that it is the diastolic pressure which is 
typically and persistently elevated, implying increased resistance 
to outflow, supports this conclusion. 

The data of Bolomey el ah (which include control observations 
on 6 patients reported by Goldring and Chasis m ) show an average 
peripheral resistance of 1160 absolute units in 18 subjects without 
hypertensive disease; in 19 subjects with hypertensive disease the 
average figure was 1950 absolute units: i.e. the peripheral resist¬ 
ance was 68 per cent greater than normal. 

Since no obstruction exists m the major arteries and the evi¬ 
dence is against any increase in capillary resistance, the critical 
physiological change in the vascular tree may be referred to in¬ 
creased tone in the arterioles which stand intermediately between 
the larger arterial conduits and the capillaries; these arterioles con¬ 
tribute the larger fraction of the total hemodynamic resistance of 
the circulatory tree, and in transit through them the arterial blood 
suffers the greatest decrement in pressure and the greatest ex¬ 
penditure of that energy which is imparted to it by the contraction 
of the heart (see fig. 53, p. 299). It is by variation in this arteriolar 
tonus, through neural or humoral mechanisms, that blood is di¬ 
verted from one organ to another and that the vasomotor reflexes 
operate to maintain the median pressure in the arterial reservoir. 
The systolic pressure is hemodynamically related to the stroke 
volume of the heart and the volume elasticity coefficient of the 
arterial reservoir; it is elevated in hypertensive disease, with a 
concomitant increase in pulse pressure, not because of any in¬ 
crease in stroke volume but in part because there is some decrease 
in the volume elasticity of the arterial tree and in part because of 
the increased diastolic pressure. The diastolic pressure is hemo¬ 
dynamically related to the ‘run-ofF or residual pressure in the 
arterial reservoir at the end of diastole, and it is increased by any 
circumstance that impedes outflow from the arterial reservoir. 
Hence the diastolic pressure is the more significant in interpreting 
the hypertensive status of the patient. Although the arterioles in 
the advanced stages of essential hypertension show' medial hy- 
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pertrophy and intimal hyperplasia which tend to narrow the 3 u 
men ”* these pathological changes are not responsible for the in 
crease m penpheral resistance, which has a functional origin 
Hypertension of long duration mav be assoaated with little if any 
visible \ascular damage,* 91 - while the vascular disease maj per 
sist and progress even after svmpathectomj has reduced blood 
pressure™ »« 

The raw statistics indicate that the incidence of essential hr 
pertension, quite low before the age of *0, rises rapidlv thereafter 
until at the age of 40 approximate!} 25 per cent of the population 
are affected, this figure increasing to 60 per cent or more in elderlv 
persons One extreme estimate implies that one half of the male 
population of the United States and 60 per cent of the female 
population 40 > ears of age or over are hypertensiv e ,ra The writer 
believes that these statistics should be accepted with great cau 
tion, the) do not exclude arteriolar sclerotic disease, thev too fre 
quentlv depend upon single blood pressure measurements, and 
the question ma> be raised whether in an) instance the) represent 
a true cross-section of the population The basic fact, perhaps, is 
that blood pressure is so labile that it is an unreliable guide to the 
presence or sevent) of true hypertensiv e disease. Perera 1411 be 
lieves that the incidence of essential hypertension does not exceed 
5 per cent, an estimate so different from previous statistics as to 
emphasize the need for larger and more reliable studies 

In some instances, the hvpertensive process is for unknown 
reasons accelerated, leading to the rapidl) fatal form known as the 
malignant phase of hvpertensive disease It is possible that new 
causal factors become operative in this accelerated state, since th" 
malignant phase has been reported (if rarel)) in patients with no 
histor) of pre-existing hypertension In most instances essential 
hypertension is a relam el) benign disease, and it is not estab¬ 
lished to what extent it shortens life Perera 1114 records on" 
woman, soli in reasonablv good health, who had defimtel) estab¬ 
lished hypertension for more than 4t ) ears, whereas survival for 
more than 20 ) ears is not uncommon 1,4 In its more sev ere forms, 
however, it mav be incapacitating, and its sequelae appear to be 
the cause of death in a large proportion of the general population- 
Agam to revert to vital staosucs, which are an) thing but saos- 
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factory, heart disease in all forms is the cause of death in nearly 
one-half of the adult population; in the category of heart disease, 
the sequelae of essential hypertension appear to account for about 
half of these deaths, or some 25 per cent of the total adult figure. 

In about two-thirds of victims of hypertensive disease,”* heart 
failure m one form or another is the immediate cause of death. In 
some, death is caused by coronary thrombosis; in others, the 
heart, continuously faced with the expulsion of blood against an 
elevated pressure, undergoes hypertrophy and ultimately dilates 
beyond compensatory limits, precipitating congestive heart fail¬ 
ure. It is to be noted that despite left ventricular failure (and ele¬ 
vated pulmonary arterial pressure) right ventricular pressure and 
systemic venous pressure are not increased, and edema is absent 
in hypertensive heart disease unless and until congestive failure 
supervenes in consequence of right ventricular failure. 

In some 10 to 20 per cent of cases, death is due to catastrophic 
cerebral hemorrhage or thrombosis, precipitated by pathologic 
changes in the cerebral arteries. Disturbances of the cerebral 
circulation are often evident early in the disease; headache is one 
of the earliest and most frequent symptoms, and transient episodes 
of sensory and motor disturbances, aphasia, or amaurosis are fre¬ 
quent. In the eye the arteriolar changes lead to a reduction in the 
caliber of the retinal vessels, venous obstruction, hemorrhages, 
and retinal edema, often with serious impairment of vision. 

Death ensues from specific renal damage in about jo per cent of 
subjects, although the kidneys appear to be neither more nor less 
fortunate in escaping the ravages of the disease in all subjects. In 
some 12 per cent death occurs from causes unrelated to h>pcr- 
tensive disease. 

The increase in mean arterial pressure offsets the increased ar¬ 
teriolar resistance, with the result that there is a normal blood flow 
everywhere throughout the body; every major circuit has been 
examined in patients with essential hypertension without eliciting 
any evidence of selectivity for any particular vascular circuit in 
its early stages. Whether the heart, the brain, or the kidneys will 
prove to be the weak point in physiological endurance cannot be 
predicted before the organic derangement becomes an overt fact. 
But, because of enhanced arteriornl tonus and possibly because of 
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inadequate venopressor mechanisms, the hypertensive subject is 
particular!) susceptible to h> potension under circumstances that 
block s> mpathedc vasomotor tone or impair the venous return to 
the heart (spinal anesthesia, the pjrogemc reaction, orthostatic 
s> ncope, etc ) ** # 

HYPERTENSION OF RENAL ORIGIN 
Renin 

Until something over a decade ago, the invasion of the renal vas¬ 
cular bed, with its sequelae of glomerular and tubular degenera 
tion, was accepted as mere!) indicative that the kidne>s were not 
immune to the widespread arteriolar sclerosis which also affects 
the brain and retinae, the skeletal muscles, the coronary vessels, 
and the vasculature of other viscera However, impressed b) the 
frequent association between hypertension and acute or chronic 
glomerulonephritis, which has been recognized since Bright first 
described nephritis, investigators had attempted to initiate the 
hypertensive process b> partial nephrectom), reduction of the 
renal blood supply, or other measures designed to impair renal 
function It remained for Goldblatt, L> nch, Hanzal, and Summer 
valle ^ to establish that the blood pressure of the dog and other 
animals could be permanent!) elevated to pathologic levels b) 
partial constriction of the renal artery on one side, the other kid 
ney being removed This demonstration evoked new interest m 
the possible role of the kidne>s in the genesis of essential h)per- 
tension, and has stimulated a larger bod) of experimental work 
than any other observation in the last two decades m 7,0 7,u 

m imi uit 

The most generall) accepted interpretation of the Goldblatt ex¬ 
periment is that alterations in the renal circulation, not necessanlv 
ischemic in nature, lead to the secretion of renin, a substance first 
extracted from kidne) tissue b> Tiegerstedt and Bergman in 1898 
Renin is a proteol) tic enz> me which is know n to react w ith plasma 
alpha 2 globulin (hypertensinogen), m this reaction there is lib¬ 
erated an actively pressor polypeptide, angiotonin, or h) pertensm, 
of small molecular weight. When given m pharmacological doses, 
renin and angiotonin cause vasoconstriction in the kidne) as well 
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as elsewhere throughout the bod) (ch xtv) B) tn vitro tests with 
smooth muscle or b> perfusion preparations (none of them highl) 
specific) small concentrations of renin and hjpertensin can be de 
tected in blood, and it has been shown that for a week or so after 
the induction of Goldblatt hypertension in the dog the renin con 
centration is increased in the sjstemic blood * os Ultimate!), how¬ 
ever, this pressor activity disappears despite the persistence of 
hypertension, which leads some investigators to believe that, after 
the hjpertensive process is initiated by renin secretion, it becomes 
independenti) sustained b> a neurogenic or other humoral mech 
amsm ,IM Renin is present in the renal venous blood in approxi 
matel) the same amount and with the same frequenc) in h> 
pertensive and normotensive subjects, but occurs in increased 
amounts m the renal venous blood of some patients with eclamp¬ 
sia, acute glomerulonephritis, and in circulator) failure 104 * 4 * im 
Other investigators believe that the normal hidne) is the source 
of a substance that has the abiht) to prevent hypertension, and 
that it is the absence destruction, or neutralization of this sub¬ 
stance w hich results in elevated blood pressure 174 m There is also 
the possibility that pressor agents, formed b) failure of deamina 
tion, ma) be invoked 1,0174 Selection between these divergent 
views (if an) of them contains the answer) is impossible at the 
present time It ma) be emphasized that in benign experimental 
h)pertension the arterioles particular!) of the hidne) s, undergo 
hyperplasia and h)pertroph), presumabl) because of increased 
‘work in the face of elevated pressure, but the endarteritis and ar 
tenolar necrosis which characterize the advanced form of the 
disease in man do not occur 7tt 

VDM AND VEM IN EXPERIMENTAL HYPERTENSION 
(For definitions of \ DM and \ EM see p 788) 

Shorr, 7 weifach, and their collaborators mi have shown that, 
within 30 min after partial constriction of the renal arter> m the 
dog, \ EM appears tn the renal venous blood and a few hours later 
can be detected in the peripheral blood, where significant conccn 
trations remain during the time when the blood pressure is in 
creasing However, after the pressure lias become stabilized at h) 
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pertensive levels, the blood becomes ‘neutral/ due to the presence 
of large quantities of VDM 

Examination of kidney tissue from chronically hypertensive 
animals reveals that the kidney has undergone transformation 
into an organ that has lost the capacity to inactivate VEM and 
which, therefore, produces this agent continuously, even under 
aerobic conditions Although the initial derangement of the VEM 
inactivating system might have its explanation in the reduced 
blood flow which immediately follow’s the application of the clamp 
to the renal artery, there is no explanation for the persistence of 
this derangement during chronic hypertension when the renal 
blood flow has returned to normal * 

The ‘neutral’ reaction of the blood of the chronically hyper¬ 
tensive dog is attributed to the presence of large quantities of 
VDM (which is normally absent), and this agent can be uncovered 
when the blood is incubated with normal kidney tissue in the 
presence of oxygen to destroy VEM Thus, a new equilibrium, 
with both factors present in large amounts, appears to be estab¬ 
lished after the blood pressure has stabilized at hypertensive 
levels The presence of large amounts of VEM can be explained 
by the derangement of the renal inactivation system, but whv the 
liver should liberate large quantities of VDM is unexplained 

Adrenalectomy in rats leads to a loss of the capacity of renal 
tissue to elaborate VEM, even in animals maintained on a high 
salt intake, this deficiency being prevented by DCA In adrenal 
insufficiency the blood vessels of the test animals lose their re¬ 
sponsiveness to adrenalin as well as to VEM An intact adrenal 
cortical mechanism is apparently necessary for the operation of the 
VEM mechanism, both in the kidney and on the peripheral ves¬ 
sels 

Shorr and his collaborators emphasize that a causal relationship 
between the VEM mechanism and the development of renal hy¬ 
pertension cannot be established on the present information ^ EM 
m tested doses has no pressor effect, presumably because it .acts 

• Complete renal ischemia of 150 to 240 mm in the rat leads to deterioration 
of the \EM elaborating mechanism, as might be expected from renal survival 
studies. Forty to 90 mm of ischemia destrojs the inactivating mechanism but 
leaves the \EM elaborating mechanism intact However, studies of comp’ctc 
ischemta throw little light on the hypertensive mechanism 
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on that part of the vascular bed distal to the arterioles which con¬ 
tribute the major variable component to the peripheral resistance 
and on which angiotonin and other pressor agents have their 
action. The meta-arterioles and precapillaries contribute relatively 
little to the peripheral resistance; they are under the dual influence 
of systemic and local tissue factors; their primary function con¬ 
cerns the distribution of blood within the capillaries and the 
capillary pressure. At the present time, a relationship between 
VEM and essential or renal hypertension is purely speculative. 
If a relationship does exist, it is probably indirect. In response to 
reduced capillary circulation and tissue anoxia, persistent hyper¬ 
reactivity of the meta-arterioles and precapillaries may be in¬ 
duced, which may in turn induce arteriolar constriction by hu¬ 
moral or reflex action. But this postulated sequence has not been 
proved. 


HYPERTENSION AND UROLOGIC DISEASE 

With the demonstration of the production of a hypertensive state 
in experimental animals by the Goldblatt technique, the pendulum 
of interpretation at first swung far to the left, and numerous 
writers took the position that all essential hypertension in man 
has its origin, if not in renal ischemia, at least in renal disease. A 
review of the evidence on the coexistence of hypertension and 
urologic disease docs not bear out this assumption. ,,,, The already 
high incidence of hypertension is not increased by such disease 
(nephrolithiasis, hydronephrosis, prostatic hypertrophy, intra- 
renal pelvis, nephroptosis, perinephritis, congenital aplasia, pye¬ 
lonephritis), and, conversely, the incidence of urologic disease is 
no greater among hypertensive than among normotensive sub¬ 
jects. At present, the only way a causal relationship between 
urologic disease and hypertension can be demonstrated in any 
particular patient is by ‘curing’ the hypertension by removing the 
offending organ. Because of the lability of pathologically elevated 
blood pressure, rigid criteria must be observed: i.c. pre-existing 
hypertension of some duration must be clearly demonstrated, the 
blood pressure must be reduced by the operation to normal levels 
(140/90 or below), and it must remain at normal levels for one 
year or longer. Review of the literature on unilateral nephrectomy 
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directed toward the treatment of hvpertension reveals that these 
catena have apparently been fulfilled in onl> 47 out of 242 re 
ported operations In these 47 instances unilateral renal patholog) 
ma> have been the cause of hvpertension, but the very rantv of 
success (19 per cent), coupled with the evidence that the bulk of 
urologic disease does not cause hypertension, still leaves a reason¬ 
able doubt that the) should be so interpreted * 

RENAL BLOOD FLOW IS EXPERIMENTAL HYPERTENSION 

Dock and R> tand,*' 1 from in c 1-0 perfusion studies, concluded that 
the renal blood flow is not diminished in rats in which h) pertension 
has been induced b> subtotal nephrectom) Lev), Light, and 
Blalock, 151 ’ however, using the venous sound method, found that 
partial constriction of both renal artenes sufficient to produce 
Goldblatt h) pertension in 10 dogs reduced the renal blood flow 
from an average of 291 cc to 172 cc (—41 per cent) The renal 
ox) gen consumption decreased in a parallel manner (—43 P 21 ' 
cent), the oxvgen artenal venous difference remaining essentiall) 
unchanged (2 9 and 2 8 cc/100 cc ) A similar conclusion with re 
gard to ox)gen consumption was reached b) Mason, Evers, and 
Blalock, 1,17 using the explanted kidne) technique In all cases re 
ported b) Lev) et al, the blood pressure m the renal arterv distal 
to the clamp was decreased below the level existing in the femoral 
arter>, averaging 50 mm and 38 mm Hg lower m the right and 
left renal arter), respectivel) The reduction in renal blood flow 
reported b) them is in contradiction to all subsequent studies, the 
reason for the discrepanc) being undetermined 

Friedman, Sugarman, and Selzer 71 * found that in acute expen 
ments (30 min duration) constriction of the aorta in anesthetized 
(pentobarbital) dogs, to such an extent as to reduce the mean 
pressure below the constnction b) 30 to 40 mm Hg and to greath 
reduce the pulse pressure, had no consistent effect on the diodrast 
clearance but the filtration rate was reduced b) an average of 20 

• The advisab 1 tj of nephrectomy must rest upon conservative and recog 
mzed surgical indications, and not upon the hope of reducing blood pressure. 
If b lateral d sease is present, and it usually is associated with advanced hyper 
tens on, nephrectom) ma> shorten I fe by remov mg an important fraction of 
total available renal function AH such unfavorable cases are perhaps not re 
ported in the literature. 
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per cent. They conclude that the maintenance of renal blood flow 
in the face of this reduced pressure implies vascular dilatation m 
the kidneys. If the pressure was reduced for more than 30 min., 
the renal blood flow uniformly decreased. After restoration of 
pressure, the filtration rate returned to the control level but the 
renal blood flow' decreased further (—20 per cent), this ischemia 
persisting for about an hour. Greater reduction in pressure (by 
40 to 60 mm. Hg) decreased both the filtration rate (—16 5 per 
cent) and renal blood flow (—14.5 per cent). Again, on release of 
the pressure the filtration rate returned to normal but the renal 
blood flow again decreased further (—24 per cent). From addi¬ 
tional experiments in which the constriction was placed above the 
left but below the right renal artery, these investigators were led 
to attribute this ischemia to a humoral agent formed in the kidney 
during the period of reduced mean pressure and pulse pressure. 

In similar but chronic experiments on unmephrectomizcd dogs, 
they found that the renal blood flow was again maintained despite 
a marked reduction in mean pressure and pulse pressure, even 
after a period of 14 days when the dogs had developed hyper- 
tension They conclude that reduction in renal artery pressure 
(both mean and pulse) is followed by renal vasodilatation and, if 
the decrease in pressure is not too great, there will be no renal 
ischemia During the period of reduced renal arterv pressure, how¬ 
ever, a humoral agent capable of neutralization by a kidney with 
normal hemody namics appears to be formed; this substance es¬ 
capes into the blood when the pressure is restored and then causes 
renal ischemia by efferent arteriolar constriction Kenal ischemia 
is, however, not necessary for its production, and they infer that 
renal ischemia is neither the initiating nor the maintaining factor 
in experimental hypertension. 

Corcoran and Page m similarly examined renal function in um- 
nephrectomized dogs in which hypertension was induced by con¬ 
striction of the renal artery or cellophane perinephritis of the re¬ 
maining kidney some months after nephrectomy, or in dogs in 
which perinephritis was induced by the bilateral perirenal applica¬ 
tion of silk (fig 124). Using inuhn, creatinine, urea, phenol red, 
and diodrast, they found that the induction of hy pertension may’ 
occur without constant or persistent changes in the clearance of 
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any of these substances and without significant changes in Tm D 
or TniG and, therefore, probably in the absence of renal ischemia. 
Measurements of the total renal blood from the clearances and ex- 



Figure 124 Renal function in a dog with experimental hypertension induced 
by the application of silk to both kidnejs The dotted lines represent the av¬ 
erages of several control observations on each function made prior to the in¬ 
duction of perinephritis (Corcoran and Page ««) 

traction ratios of phenol red and inulin showed no correlation be¬ 
tween mean arterial pressure and renal blood flow’, and demon¬ 
strated that hypertension may persist in the absence of renal 
ischemia In one untnephrectomized dog in which hypertension 
had persisted for nearly 3 years, the last observed values were dio- 
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drast clearance 275, inulin clearance 92 cc., Tmo 15.4 mg. iodine, 
and Tmo 293 mg/sq. m. These values are within the normal range 
to be expected of a uninephrectomized dog, and "ere made at a 
time when retinal hemorrhages and partial retinal detachment 
boded the onset of the malignant phase. Histological study of the 
kidney, which weighed 80 gm., showed one small scar of the ische¬ 
mic type and rare hyalin glomeruli. Data on one dog are given in 
figure 124, and show that hypertension developed without a de¬ 
crease m diodrast clearance or the Cd/Tiud ratio, and without an 
initial reduction of Tmi>. The late decrease in Tihd may represent 
infiltration with scar tissue. 

Corcoran and Page note that the rate of renal blood flow in ex¬ 
perimental hypertension depends upon a balance between in¬ 
creased arterial pressure and increased renal resistance, the latter 
arising either from primary arterial compression or compression of 
the renal parenchyma or, secondarily, to renal vasoconstriction 
induced by the unopposed activity of the humoral mediators of 
renal hypertension. The fact that in the hypertensive animal the 
renal blood flow tends to be maintained at a normal level implies 
that the increased renal resistance is just about offset by the in¬ 
crease in the mean blood pressure. In the absence of renal is¬ 
chemia, they conceive the exciting factor leading to the secretion 
of renin (or other humoral agents) may be a reduction in pulse 
pressure, or some subtle variation in pulse wave, which follows 
clamping of the renal artery or development of perinephritic scar 
tissue. It may be noted that arteriovenous fistula between the 
renal vessels, leading to renal necrosis, is not accompanied by hy¬ 
pertension. 

Rodbard and Katz ,m have shown that abscess formation in¬ 
duced by local injections of turpentine or carbon tetrachloride or 
the subcutaneous implantation of kidney tissue causes a sus¬ 
tained fall in blood pressure m both nephrogenic and spontaneous 
hypertensive dogs. Stamler, Rodbard, and Katz 1,71 find that this 
reduction in pressure is associated with an increase in renal blood 
flow. Since the provocative agents are equally effective in eliciting 
the reduction in blood pressure, it is concluded that the depressor 
response to the abscess is a non-specific reaction. Abscess produc¬ 
tion elicits a persistent increase in renal blood flow, but the renal 
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hyperemia may follow the decrease in blood pressure The latter is 
therefore not directly dependent upon relief of renal ischemia 
Injur) produced b> inhalation of chloroform or b> oral adminis¬ 
tration of carbon tetrachloride consistend) failed to reduce the 
blood pressure of hy pertensive dogs Instead, the blood pressure 
was sometimes elevated The mechanism involved in the fall in 
blood pressure, therefore, appears to be part of the pattern of 
systemic reaction to the abscess Nephrogenic hypertensive dogs, 
with and without a reduced renal blood flow, respond to tissue in 
jury with a renal hyperemia as well as do spontaneous hyper¬ 
tensive animals with normal kidneys, indicating that reversible 
\ asoconstnction is involved in the renal ischemia observed in some 
nephrogenic hy pertensive dogs 

Stimler, Katz, and Rodbard 1,77 report that, in 6 dogs in which 
both renal arteries were partially occluded, some showed normal 
renal function while in others the filtration rate and renal plasma 
flow were reduced below the normal range, with or without an m 
crease in filtration fraction Serial observations revealed no tend 
ency for renal function to suffer progressive deterioration, whether 
the immediate postoperative clearances were normal or reduced 
and regardless of the duration of hypertension, nor did renal func 
tion improve in those animals in which it was immediately de¬ 
pressed postoperatively In 3 animals that came to autopsy, 1m 
paired renal function correlated with gross anatomic alterations 
in the kidney , whereas the kidney usually showed no pathologic 
changes when renal function was not depressed,* normal function 
did not mean normal anatomy The data afford no evidence of the 
development of collateral circulation m the kidneys of Goldblatt 
dogs 

Stamper ct al have also studied 3 male dogs with spontaneous 
benign hypertension,! 1 e with persistent pressures in excess of 
185/100 mm Hg of o\ er 2 y ears’ duration All 3 animals had renal 

* In one animal, clearance data within the normal range sen ed only to mast 
advanced unilateral atrophy accompanied b> contralateral compensator hy 
pertrophj 

t For normal blood pressure in dogs, Katz and his coworkers leM analyzed 
the protocols of 157 trained, unanesthetized dogs and found the mean svs o' c 
pressure to be 155 d= 11 mm Hg (range 130 to 185), the mean diastolic pres¬ 
sure 8o d; 6 mm Hg (range 65 to 100) 
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clearances within the normal range (PAH clearances of 241, 272, 
and 294, and filtration rates of 82, 84, and 100 cc. per sq m ) and 
on repeated examination renal function remained unchanged for 
39, 34, and 64 weeks, respectively. (The last figure is probably 
equivalent to 7 years, the authors say 10 years, of the human life 
span.) Pathological studies on 2 of these dogs revealed slight to 
moderate chronic focal renal lesions and bilateral adrenal cortical 
adenomatous hyperplasia The authors suggest that both lesions 
may be without pathogenic significance. Though these blood pres¬ 
sures may represent the upper range of normal values, the} are as 
truly hypertensive as Goldblatt animals with similar blood pres¬ 
sure elevations Spontaneous canine hypertension may be extra- 
renal in origin, but whether or not it is related to abnormal adrenal 
function cannot be determined from the available data. 

Stamler etal. reaffirm that neither dogs with spontaneous benign 
hypertension nor dogs with chronic nephrogenic h) pertcnsion de¬ 
velop the sclerotic changes in the renal, coronary, or cerebral ar¬ 
terioles characteristically complicating long-standing essential hy- 
pertension in man, a fact which they believe reflects a species dif¬ 
ference in susceptibility to arteriosclerosis rather than a funda¬ 
mental difference in the underlying hemody namic processes The) 
believe that mechanisms other than elevated blood pressure per sc 
operate to produce these sclerotic changes. 

Stamler, Fishman, Katz, and Rodbard 1,71 find that in un- 
anestheti2ed, spontaneous, and Goldblatt hypertensive dogs, dur¬ 
ing the depressor response to abscess, the cardiac output and blood 
volume remain normal The sustained fall in blood pressure is at¬ 
tributable to decreased peripheral resistance. Renal hyperemia 
and increased renal fraction are components of the systemic re¬ 
sponse to abscess and indicate a decrease in renal resistance greater 
than the overall decrease in peripheral resistance. 

By contrast, anesthetized (nembutal) hy pertensivc dogs exhibit 
increased cardne output, renal ischemia, and markedly reduced 
renal fraction during the depressor response to inflammation. 
These results arc interpreted as representing the response to the 
combined acute depressor effects of the abscess and of nembutal 
anesthesia, the drug inducing a further decrease in total peripheral 
resistance. The observed hemodynamic pattern is apparently a 



ESSENTIAL HYPERTENSION 


708 

compensator) response serving to maintain blood pressure. The 
authors conclude that the cardiod) namic pattern of spontaneous 
hypertension m dogs is similar to that of Goldblatt and human es¬ 
sential hypertension 

A high protein diet increases the renal plasma flow and filtra 
tion rate in dogs with experimental hypertension in a manner 
which is indistinguishable from the normal animal, another fact 
which argues against renal ischemia as the pnmar) factor in the 
genesis of this type of hypertension 41 

RENAL FUNCTION IN ESSENTIAL HYPERTENSION 
Numerous clearance studies are now a\ ailable on renal function m 
subjects in all stages of h)pertensive disease The interpretation 
of all such clearance studies is contingent upon the validit) of the 
clearance method in the diseased hidne) Bradlej, Currj, and 
Bradle>, n » from observations on 14 subjects with well-established 
hypertensive disease, conclude that a PAH extraction ratio of 
o 88 or more maj be expected except in ver) advanced stages of 
renal injurv (C P *n less than 440 cc ), w hen it ma) decrease to o 60 
Reubi and Schroeder report Epuj m 8 patients, all except 3 
(o 698, o 797, and o 807) were above o 88 Cargill *** reports Epui 
in 3 patients of o 87, o 90, and o 90 Cargill s data indicate that 
Erui is not substantial!) reduced until the PAH clearance falls 
below 300 cc, when it ma) decrease to o 58 Throughout the fol 
lowing discussion it will be assumed that the diodrast or PAH 
clearance, so long as it is abov e 300 cc , ma) be taken as a reliable 
indication of renal plasma flow 

Investigators are generall) agreed that, in man) subjects with 
well established hypertension, the renal blood flow is within the 
normal statistical range * In the larger proportion, however, the 
renal blood flow suffers reduction, the degree of this reduction 
being interpretable onl) in relation to the quantit) of residual 
functional tissue Perhaps the most distinctive change effected in 
the hidne)$ b) essential h>pertension is the progressive destrue 
tion of tubular tissue, a destruction which can be discovered onlv 
b) measurements made during tubular saturation Goldnmr, 

* Th s may be true onl) m younger people, but the writer does not beliese 
that the data permit the establishment of any firm correlation with age. 
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Chasis, Ranges, and Smith m therefore analyzed their data on 60 
hypertensive subjects in terms of Tmn 

Figure 125 shows the diodrast clearance (Cn) in relation to 
Tmn, plotted .against the normal parameters * previously estab¬ 
lished by these investigators 191 In their normal subjects the ratio 
Cn/Tmu had -a mean value of 13 4 ± 1 4 and is here represented 
by the heavy line, M, the light lines above and below M denoting 
multiples of the standard deviation (The ellipse was calculated 
to contain 70 per cent of the normal observations and actually 
contained 72 per cent) 

If we were to start with a normal (statistical mean) kidney in 
which C D /Tmo “ 13 4 and were to reduce the quantity of tubular 
excrctor) tissue and the renal blood flow b> proportional amounts, 
we should pass down the line M until we reached the intersection 
of the zero ordinates This is not to imply that the statistical re¬ 
gression line relating Cp to Tmn in normal subjects extrapolates 
to zero, for it does not, the concept of proportional regression is 
merely an artifice convenient to functional interpretation A vari¬ 
ation of the ratio within the limits of ±2<r would be expected to 
contain 95 per cent of the norma! observations, and it is in keeping 
with the artifice of proportional regression to conceive that any 
distribution of the data disproportionate with this statistical ex 
pectation is indicative of significant functional changes in Cn, 
Tmn, or both 

It will be observed that, with the exception of 3 subjects (T O , 
R D , and G I ), Tmn is below the mean normal value (51 6 mg 
of iodine) and ranges from slightlv subnormal to very low values 
The lowest values of Tmn arc found m subjects with advanced 
retinopathy and significant proteinuna It is evident that in many 
hypertensive subjects the renaf tubules, as judged by Tmn, have 
been severelv injured, and it may be assumed that this injury pro¬ 
ceeds, however irregularly, throughout the course of the disease 
It is possible that some tubular injury had occurred in the 3 sub- 

* The normal parameters used in these figures arc calculated from the I mted 
senes of olwen ations reported b* Goldnng et a! m 1940, but these data are in 
good agreement with the larger senes published subsequentlyand with 
the data summamed tn table XU 



712 


ESSENTIAL HYPERTENSION 



DIODRAST T m MG IODINE PER 173 SO M PER MIN 
Figure l (jure 116 after deletion of suljects in whom the Citr/Tmn rat o exceeds the mean normal 
vnloe iKs twice the Stanford deviation (Gnlinng, Chasis, Hinges, an 1 Smith’”) 


RENAL FUNCTION IN ESSENTtAL HI PERTENSION 713 

jects in whom Tmn exceeded the mean normal figure, as well as 
in those in whom Tmn was above 40 mg of iodine. 

With the exception of 3 subjects (F. O., R. D., and V. V.), Cn 
is also below the mean normal value (669 cc.) and ranges from 
slightly subnormal to very low values. 

The ratio Cd/Thid ts distributed about the mean value in an 
uneven manner, 45 out of 60 subjects falling on or below M. This 
preponderant distribution below M suggests that some factor is 
operating in hypertensive subjects to produce a relative ischemia 
m the residual functional tissue 

Figure 126 presents the inuhn clearance (Cj\) in relation to 
Tmn (Again the ellipse was calculated to contain 70 per cent of 
the normal observations and actually contained 75 per cent.) In 
all but 5 subjects (R D , M C , R. L, F S., and K. S.) Ci\ is on 
or below the mean normal value (131 cc.). There is, however, a 
tendency for Cx\ to remain within the lower range of normal 
values (92 to 131 cc ) until Tmn has been markedly reduced, as 
shown by the homontal, leftward displacement of the data. 

In spite of the absolute reduction in Cj\, its relative value per 
unit of functional tubular tissue (Cis/Tmp) exceeds the mean 
normal value, M, in 43 out of 60 subjects, and in 21 of these it falls 
above M +2<r. Three factors might operate to maintain a rela¬ 
tively high filtration rate: (a) increased mean arterial pressure; 
(b) dilatation of the afferent glomerular arterioles; and (c) the 
formation of impotent nephrons. We cannot immediately dis¬ 
tinguish among these alternative possibilities, but failure to do 
so is not critically important, since the net result upon the blood 
flow to the residual functional tissue will be the same, namely, the 
production of apparent hyperemia in this tissue. In the expecta¬ 
tion, therefore, that an abnormally high value of C|\/Tmn may 
be expected to be accompanied by an abnormally high value of 
Cn/Tmn, a further analy sis of the blood flow picture presented m 
figure 126 may be made as follows: all those subjects, 21 in num¬ 
ber, in whom Cjs/Tmn exceed M +2* were deleted, the picture 
after this deletion is effected being given in figure 127. The re¬ 
maining subjects are now approximately equally distributed above 
and below M, because those in whom the Cjs/Tmn ratio was high 
have been deleted. 
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Figure 128 is figure 125 with the same subjects deleted, and it 
Vd) be seen that in the remaining subjects the ratio Co/Tmo is in 
general below, and in some instances far below, the mean normal 
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Figure 129. Inuhn/dtodrast clearance ratio (filtration fraction) in hyperten¬ 
sive subjects, related to the effective renal plasma flow per unit Tmt>- The sta¬ 
tistical background is taken from data on normal subjects (fig. it 3, p. 594) the 
hexagon containing 95 per cent of the normal basal data Basal olsenapons 
on hypertensive subjects are sho»n to the left of the vertical dotted Imt, ob¬ 
servations durirg pyrexial hyperemia to the right. (Goldring, Chavi*, Range*, 
and Smith m ) 

value. Thus, when those subjects who show a high filtration rate 
per unit of functional tubular tissue (C t */Tmn)» presumably be¬ 
cause of elevated glomerular pressure and/or the formation of 
impotent tubules, and in whom wc may expect active or vicarious 
hyperemia to occur in consequence of these circumstances, are 
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Figure 128 is figure 125 with the same subjects deleted, and it 
will be seen that in the remaining subjects the ratio Co/Tmo is in 
general below, and in some instances far below, the mean normal 



Figure 1:9* Inulm/diodrast clearance ratio (filtration fraction) in hyperten- 
•Ke subjects, related to the effective renal plasma flow per unit Tmo- The sta¬ 
tistical background is taken from data on normal subjects (fig. tlj, p, J9.1) the 
hexagon containing 95 per cent of the normal basal data. Basal observations 
on Vo pm tn vac subjects are lYvown to the left of the Netties! dotted line, oU- 
smatwns during pyrexia! hyperemia to the nghr. (Goldring, Chavis, Range*, 
and Smith w ») 

value. Thus, when those subjects who show a high filtration rate 
per unit of functional tubular tissue (Cjv/Tmn), presumably be¬ 
cause of elevated glomerular pressure and/or the formation of 
impotent tubules, and in whom »c may expect active or vicarious 
hyperemia to occur in consequence of these circumstances, an* 
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Figurc u 8 figure 145 with same subjects deleted as m figure 147 (Goldnng, Chasis, R wges, and Smith 
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Figure 128 is figure 125 with the same subjects deleted, and it 
will be seen that in the remaining subjects the ratio Cp/TniD is in 
general below, and in some instances far below, the mean normal 



Figure 129 Inulm/diodrast clearance ratio (filtration fraction) in hyperten 
Sive subjects, related to the effective renal plasma flow per unit Tmo The sta¬ 
tistical background is taken from data on normal subjects (fig 113, p 594) the 
hexagon containing 95 per cent of the normal basal data Basal observations 
on hypertensive subjects are shown to the left of the vertical dotted line, ob¬ 
servations during pyrexial hyperemia to the right (Goldnng, Chasis, Ranges, 
and Smith ,,s ) 

value Thus, when those subjects who show a high filtration rate 
per unit of functional tubular tissue (CiN/Tmp), presumably be¬ 
cause of elevated glomerular pressure and/or the formation of 
impotent tubules, and in whom we may expect active or vicarious 
hyperemia to occur in consequence of these circumstances, are 
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deleted from the picture, it is revealed that in the remaining sub¬ 
jects the renal blood flow per unit of functional tubular tissue is, 
with 3 exceptions, below the mean normal value, and in many it 
falls to very low values This anal} sis led the authors to conclude 



that some factor is operative in these subjects which tends to 
produce a relame ischemia of the residual functional tissue- (This 
ischemic factor may, of course, be operative in the subjects who 
were deleted because the) showed a high Ci N /Tm D ratio, but off. 
set by such factors as were enumerated in defining that group ) 
Since all these subjects have an elevated mean blood pressure, the 
cause of this relativ e ischemia must be an increase in renal re¬ 
sistance. 
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FILTRATION FRACTION 

In normal subjects, the filtration rate tends to remain constant 
when the renal blood flow is increased during pyrogenic h> peremia 
or decreased by adrenalin Under this circumstance, the filtration 
fraction must vary inversely as Cd, 1 e filtration fraction, when 
plotted against Cd/Tuid, will describe a rectangular hyperbola, as 
shown in figure 115 (ch xvin) This rectangular hyperbola, based 
upon the average normal filtration fraction of o 19, is reproduced 
in figures 129 and 130 as a background for the interpretation of 
the data on hypertensive subjects These data are divided into two 
categories those to the left of the vertical dotted line represent 
basal observations, and those to the right represent observations 
made during pyrogenic hyperemia (The data on pyrogenic hy¬ 
peremia are discussed below) 

The basal data on the unselected hypertensive series as a whole 
(fig 129) show a wide scattering of filtration fraction relative to 
Cd> though in almost all instances the filtration fraction is greater 
than the mean normal value of o 19 and may reach values as high 
as those reached under the maximal action of adrenalin in normal 
subjects In many instances the filtration fraction is excessively 
high relative to the behavior of the normal kidney during the 
action of adrenalin, etc Such a result is to be expected if, as sug¬ 
gested above, there exist in some hypertensive subjects impotent 
nephrons which supply glomerular filtrate but do not clear the 
postglomerular blood of diodrast, or if the filtration rate in some 
nephrons is increased by elevated glomerular pressure Deletion 
of the same subjects as before from figure 126 (referring to the 
basal data only) now shows basal values (fig 130) of the filtration 
fraction which, though elevated above the mean normal value, 
nonetheless faff witfun the normal parameters with respect to 
Cd/Tuid Thus the selected group again presents a picture of 
marked renal ischemia induced by moderate to severe arteriolar 
constriction which is hemodynamicallj similar to that observed 
in relation to spontaneous vanations in renal blood flow and the 
action of adrenalin (ch xvm) 

The hemodynamic nature of the arteriolar changes in hy¬ 
pertensive disease are discussed m chapter xvm 
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Figure 132 Tmo m normal subjects, related to Tmo The statistical background is the mean (M) normal 
value of the ratio Tma/TmD ± multiples of the standard deviation The ellipse is calculated to contatn 70 
per cent of the observations, and actually contains 72 per cent (Smith, Goldrmg, Chasis, Ranges, and Brad 
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Ticl re 133 Glucose Tm in hypertensive subjects, related to Trid Statistical 
background as in figure 132 Most of the obsen ations are low in respect to the 
normal salue of Tmn, but normal in respect to Tmo Hence 74 per cent fall 
abose the mean ratio, M, t e.Tmn may be decreased markedly m hypertensive 
subjects, while Tma remains essentially normal The term ‘impotent' has been 
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GLUCOSE Tm 

That the reduction of Tm© in the hypertensive kidney represents 
in part a loss of specific function rather than tubular obstruction 
or obliteration is indicated by the tendency for the Cin/TiHd 
ratio to rise to supernormal values This interpretation is sup¬ 
ported by the fact that glucose reabsorptive capacity, although 
ultimately reduced, does not decrease in proportion to Tmo 1931 1939 
The normal relations between the filtration rate and Tmo are 
shown in figure 131, and the relations between Tmo and Tmo m 
figure 132 In hypertensive subjects, the Tmo/Tmo ratio increases 
to supernormal values, as shown in figure 133 The Cim/Tuio ratio, 
however, remains narrowly confined to the normal mean value, as 
shown in figure 134 From this last fact, the authors infer that 
glucose reabsorption is not specifically impaired in h>pertensive 
disease, and that Tmo is reduced only when the glomerulus of a 
nephron is obliterated by vascular changes and the attached tu¬ 
bule is passively cut off from reabsorptive activit) Where, in par¬ 
ticular subjects, CiN/Tm D is above normal, Tm G /TmD is likewise 
above normal, the increase m both ratios presumabl) being refer¬ 
able to the appearance of what we have called ‘impotent’ ne¬ 
phrons * 

In resum6, in hypertensive disease the tubular excretory ca¬ 
pacity for diodrast, as measured by Tm D , is impaired, without an 
equal impairment in. the reabsorptive capacity for glucose, as 
measured by Tm G In the earlier stages of the disease the filtra¬ 
tion rate apparently is not affected, though ultimately arteriolar 
and capillary lesions do impair the filtration bed, and in proportion 
as this is obliterated Tmo is reduced below normal values simply 
because of glomerular destruction In the terminal stages of the 
disease, all functions may be reduced to vestigial levels 

* The appropriateness of the term ‘impotent’ to describe nephrons which 
have suffered reduction in excretory capacity but not in reabsorptive capacity 
may be questioned, but the term will continue useful until further data on spe 
cific functional attributes are available 


used to describe tubules which have lost the power of excreting diodrast, but 
which remain connected to functional glomeruli, the trend depicted here indi 
cates that such impotent’ tubules can still reabsorb glucose- (Smith, Goidnng, 
Chasis, Ranges, and Bradley m *) 
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Figure 134 Inuhn clearance in hypertensne subjects, related to glucose Tm. 
Statistical background as in figure 131. Although both Ci\ and Tmc tend to 
fall below the mean normal %alucs, the ratio Cin/Tttio is maintained at tts 
normal salue, indicating that Tmc is not specifically affected by the disease 
but is decreased only in consequence of reduction of Cis, 1 e as glomeruli are 
deleted from the kidney by arteriolar or glomerular lesions, the attached tubules 
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The reduction in Tmn appears to be the most characteristic 
impairment of renal function in essential hypertension, and the 
question arises in regard to the possible significance of this reduc 
tion m the etiology of the disease, especially since the evidence on 
man argues against the primacy of renal ischemia It is impossible 
to look upon the tubular excretion of such compounds as diodrast, 
hippuran, phenol red, etc as interesting teleologic paradoxes, and 
it has been suggested 193111,9 that tubular excretion is a terminal 
step in a renal metabolic sequence, perhaps involving the conjuga 
tion of difficultly catabohzable aromatic residues such as benzoic 
and phenylacetic acids Reduction in Tiud may reflect a deficit in 
renal metabolic processes anterior to the process of excretion it 
self The accumulation of additional evidence on the tubular ex 
cretion of normally occurring metabolites (ch vi) supports the 
view that this process is highly important in the overall metabolic 
activities of the body In this connection, increased interest at 
taches to the demonstration that Tm» and Tiupah in dogs repre 
sent functions which are highly sensitive to endocrine activity 
(ch xv), at least one process in renal metabolism is demonstrated 
to be related to factors outside the kidney It remains to be dis¬ 
covered, however, whether the impairment of renal metabolism 
which is reflected in a reduction of Tmp is causally related to the 
hypertensive process, or whether the impairment is but one of the 
many degenerative effects of the disease 

BILATERAL RENAL INJURY 

Chasis and Redish 359 360 examined unilateral renal function by 
ureteral catheterization in 21 unselected hypertensive subjects 
ranging in age from 17 to 57 years The diodrast clearance and the 
ratio Cd/Titid were nearly the same in the two kidneys of ever) 
subject, demonstrating that functional impairment proceeds to an 
equal degree and at a parallel rate in both kidneys, a circumstance 

necessarily drop out of glucose reabsorption, but glucose rcabsorption per sc 
is not impa red by hypertensive disease 
In 2 subjects (S \\ and P T ) the filtration rate is excessively low, perhaps 
reflecting th cken ng of the glomerular membranes or some other imped ment 
to filtrat on not tjpically present in the other subjects (Smith, Goldnng, Chas s 
Ranges and Bradley im ) 
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to be expected if renal injury is a result of the hypertensive process 
but not if renal pathologic disease is primary (fig 135). The fact 
that renal injury is bilateral in subjects with hjpertensive disease 
must caution against the unwary removal of one kidney for uro- 
iogic reasons if a subject has essential h\ pertension, since uni¬ 
lateral nephrectomy may leave the patient with insufficient func¬ 
tion to support life. 

THE INDUCTION OF RENAL HA PEREMIA IV HYPERTENSIVE 
SUBJECTS 

The administration of pyrogen to most hypertensive subjects leads 
to renal hyperemia just as in normal subjects. The degree of hy¬ 
peremia, as judged by the Cd/Tuid ratio, appears to be com¬ 
parable in the two groups. The filtration rate tends to decrease 
during hyperemia, but so slight is the decrease that it is scarcely 
significant. (A marked fall in filtration rate in one subject was as¬ 
sociated with a severe reaction involving a period of acute periph¬ 
eral circulator)' failure.) Only 2 patients out of 20 failed to show an 
increase in diodrast clearance exceeding 25 per cent of the basal 
value, since these subjects had marked retinopathy and pro¬ 
teinuria as well as the lowest values of Tm D of all the subjects 
examined with pjrogen, and both died in uremia within a month 
of the observation, it is inferred that their failure to respond to 
pjrogen was related to the circumstance that the) were in the 
advanced stage of the disease. 

With regard to changes m the filtration fraction during hy¬ 
peremia, reference may be made to figures 129 and 130, where the 
hvperemic data are shown to the right of the vertical dotted line. 
Where the filtration fraction is abnormally high under basal con¬ 
ditions (1 e. Wirig outside the normal parameters), it retains this 
anomalous relation during hyperemia, a result consonant with the 
interpretation that in these subjects the filtration rate is high, rel¬ 
ative to Tmo, because of the existence of impotent tubules or ele¬ 
vated glomerular pressure. Deletion from figure 129 of such sub¬ 
jects leaves a group in which the filtration fraction falls within the 
normal parameters basally and remains there during hvperemia 
(fig. 130). 
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CHANGES IV DIODRAST Tm DURING HYPEREMIA 
Diodrast Tm has special significance in the hj peremic studies, 
inasmuch as tubules rendered inacme b) ischemia under basal 
conditions might become active, m consequence of opening of 
vascular channels, during hyperemia The contribution of a par 
ticular tubule to Tmn will be maximal onl> so long as the plasma 
flow to the tubule is adequate at the existing diodrast plasma con 
centration P D , to effect saturation Consequent!), the use of Tmo 
to detect inactive (ischemic) tubular tissue is contmcent upon Pd 
in the sense that the higher P D is, the low er must be the blood flow 
to the ischemic tubular tissue before the latter will cease to con 
tribute to Tmo In terms of the overall function of the two hid 
ne> s, the load of diodrast carried to the tubules is the product of 
the plasma flow times Pd, minus the quantit) of diodrast excreted 
through the glomeruli, if the plasma flow is taken as equal to the 
diodrast clearance as observed immediatel) before the measure¬ 
ment of Tm D then 

tubular load = Pd(Cd — FW Civ) 

where FW is the fraction of ultrafiltrable diodrast at the plasma 
concentration, Pd, actuallv present during Tm D determination 

In the observations above, theload/Tmo ratio was with few ex 
ceptions greater during hyperemia than during basal conditions 
(m part because of the increase in Cd), this circumstance would 
operate to effect saturation of an> tubules which might have been 
unsaturated in consequence of even severe ischemia during the 
basal state 

In 3 subjects, Tmo decreased dunng hyperemia b) more than 
io per cent, m i of these there was a distinct decrease in mean 
Wood pressure dunng Tmo measurement, which maj have re¬ 
duced perfusion to some parts of the hidne) A second was ex 
amined dunng the accelerated phase of the disease and died 
within i month after the last observation, at necropsv the kidney 
show ed multiple abscesses and necrotizing arteriolar lesions The 
observations on the third appeared to be technical!) satisfactor) 
In 10 subjects there was no significant change (less than 10 per 
cent) in Tm D dunng h>peremia, despite changes in diodrast clear 
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ance ranging up to 88 per cent In 7 subjects Tmu increased by 
more than 10 per cent, the largest increase being 33 per cent, 
demonstrating that substantial portions of renal parenchjma ca¬ 
pable of excreting diodrast were not available to perfusion under 
basal conditions 

SPONTANEOUS CHANGES IN DIODRAST Tm 
It has been noted that diodrast Tm in normal subjects is not sig- 
nificandy changed by the induction of hyperemia or by the ad¬ 
ministration of adrenalin or caffeine, all of which produce profound 
disturbances in the renal circulation In 10 of the hypertensive 
subjects studied in this senes, Tmo was fairly constant on re 
peated examination, m some of them over a period of a to 3 years 
In 2 subjects, however, there were notable but unexplained 
changes During 7 weeks when one patient had been continuously 
in the hospital her Tmo fell from 53 2 to 41 3 mg of iodine This 
latter value was obtained again after a 3 year period It is, of 
course, possible that this represents a rapid progression of renal 
disease, but this interpretation is rendered less certain by ob 
servations on a second patient in whom Tmp decreased from 41 3 
to 29 8 in 13 months, only to rise again to 35 9 during the next 3 
years Even more striking was the increase from 35 9 to 45 1 dur¬ 
ing hospitalization for 1 month thereafter Such experiences sug 
gest that in some instances marked fluctuations in Tmn occur 
without apparent clinical changes Whether the} are attributable 
to extreme focal ischemia which excludes some tubules from per¬ 
fusion, or to intrinsic changes in tubular activity with subsequent 
regeneration or compensatory hypertrophy in other tubules is 
undetermined 

The studies above ate m agreement with the observations of 
other investigators Chesley and Chesley 172 found that in 11 hy¬ 
pertensive women without history of toxemia of pregnancy, the 
diodrast clearance ranged from 188 to 557 * cc , the filtration frac¬ 
tion as estimated from the urea clearance was similarly elevated 
The authors note that in hypertensive disease the renal plasma 
flow may range from normal to low values, while in glomerulone- 

* Chesley s normal figures are below those of other investigators, as noted on 
page 636 
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CHANGES IN DIODRAST Tm DURING HYPEREMIA 

Diodrast Tm has special significance in the hyperemic studies, 
inasmuch as tubules rendered inacme b) ischemia under basal 
conditions might become active, m consequence of opening of 
vascular channels, during hyperemia The contribution of a par¬ 
ticular tubule to Tmo will be maximal only so long as the plasma 
flow to the tubule is adequate at the existing diodrast plasma con 
centration, P D> to effect saturation Consequently, the use of Tmn 
to detect inacme (ischemic) tubular tissue is contingent upon Pd 
in the sense that the higher Pd is, the lower must be the blood flow 
to the ischemic tubular tissue before the latter will cease to con¬ 
tribute to Titid In terms of the overall function of the mo hid 
nevs, the load of diodrast earned to the tubules is the product of 
the plasma flow times Pd, minus the quantity of diodrast excreted 
through the glomeruli, if the plasma flow is taken as equal to the 
diodrast clearance as observed immediately before the measure 
ment of Tmo, then 

tubular load = Pd(Cd — FW Cis) 

where nV is the fraction of ultrafiltrable diodrast at the plasma 
concentration, Pd, actually present during Tmo determination 

In the observations above, the load/Tm D ratio was with few ex 
cepoons greater dunng hyperemia than dunng basal conditions 
(in part because of the increase m C D ), this circumstance would 
operate to effect saturation of any tubules which might have been 
unsaturated in consequence of even severe ischemia during the 
basal state. 

In 3 subjects, Tmo decreased dunmr hyperemia bv more than 
io per cent, in i of these there was a distinct decrease in mean 
blood pressure during Tmp measurement, which may have re 
duced perfusion to some parts of the kidney A second was ex 
ammed during the accelerated phase of the disease and died 
within i month after the last observation, at necropsy the kidney 
showed multiple abscesses and necrotizing arteriolar lesions The 
observations on the third appeared to be technically satisfactory 
In io subjects there was no significant change (less than io per 
cent) in Tmo dunng hyperemia, despite changes in diodrast dear 
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atice ranging up to 88 per cent In 7 subjects Tmu increased by- 
more than 10 per cent, the largest increase being 33 per cent, 
demonstrating that substantial portions of renal parenchyma ca 
pable of excreting diodrast were not available to perfusion under 
basal conditions 

SPONTANEOUS CHANGES IN DIODRAST Tm 
It has been noted that diodrast Tm in normal subjects is not sig 
nificantly changed by the induction of hyperemia or by the ad 
ministration of adrenalin or caffeine all of which produce profound 
disturbances in the renal circulation In 10 of the hypertensive 
subjects studied in this senes, Titid was fairly constant on re 
peated examination m some of them over a period of 2 to 3 years 
In 2 subjects, however, there were notable but unexplained 
changes During 7 weeks when one patient had been continuously 
in the hospital her Tmn fell from 53 2 to 41 3 mg of iodine This 
latter value was obtained again after a 3 year period It is of 
course, possible that this represents a rapid progression of renal 
disease, but this interpretation is rendered less certain by ob 
servations on a second patient in whom Tmu decreased from 41 3 
to 29 8 in 13 months, only to rise again to 35 9 during the next 3 
years Even more striking was the increase from 35 9 to 45 1 dur 
ing hospitalization for 1 month thereafter Such experiences sug 
gest that in some instances marked fluctuations in Tmn occur 
without apparent clinical changes Whether they are attributable 
to extreme focal ischemia which excludes some tubules from per 
fusion, or to intrinsic changes in tubular activity with subsequent 
regeneration or compensatory hypertrophy in other tubules is 
undetermined 

The studies above are m agreement with the observations of 
other investigators Chesley and Chesley* 73 found that in 11 hy 
pertenstve women without history of toxemia of pregnancy, the 
diodrast clearance ranged from 188 to 557 * cc , the filtration frac 
tion as estimated from the urea clearance was similarly elevated 
The authors note that in hypertensive disease the renal plasma 
flow may range from normal to low values, while in glomerulone 

* Chesley s normal figures are below those of other invest gators as noted on 
page 636 
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phntis the renal plasma flow maj be greadv reduced without hv- 
pertension 

Friedman, Selzer, and Rosenblum 711 found in 5 men and 6 
women with hypertension of 10 years or more duration that the 
renal plasma flow averaged 65 and 71 per cent, respecmelv, of 
normal The inulin clearance was reduced to a lesser extent (aver¬ 
age 104 3 and 104 6 cc respecmelj) and consequent^ the fiitra 
tion fraction was elevated (average o 324 and o 244 respectivelv) 
In 6 subjects with hypertension known to have existed for K to 
6 > ears, the reduction in renal plasma flow w as equallv sev ere, al 
though the inulin clearance was practical!) normal Among 5 
subjects whose blood pressure was known to have fallen to normal 
on recent occasions, and was normal during the test, the renal 
plasma flow was norma! in 2 but reduced in the rest. Friedman 
and his coworkers point out that there is no correlation between 
the duration ofhvpertension and reduction in renal plasma flow or 
filtration rate. However, when data from 41 persons were classified 
according to the diastolic blood pressure, it was found that there 
was a progressive decrease in renal plasma flow and increase in 
filtration fraction with each 20 mm Hg increase in pressure, the 
increase in filtration fraction issuing from the fact that the filtra¬ 
tion rate suffered little change The) believe that renal ischemia 
is probablv a local manifestation of generalized s)stemic vaso¬ 
constriction and secondar) to the disease. 

Stemitz *•** found in 4 of 6 patients that the renal plasma flow 
and filtration rate were within the norma! range, and he concludes 
that renal ischemia is not a necessar) attribute of essentia! h) 
pertension In 3 subjects with malignant h)pertension, however, 
the diodrast clearance ranged from 19 3 to 180 cc , the inulin dear 
ance from 6 to 44 cc 

Foa, Woods, Peet, and Toa «” studied 20 patients with essential 
h\pertension, whom the) divided into two groups The first group 
(12 patients) all had a renal blood flow below 549 cc, the average 
value for all their h) pertensive patients In this group, which may 
be called climcall) severe, the filtration fraction averaged 0.40 
and Tmo -- mg of iodine The blood pressure on admission aver¬ 
aged 239/141 mm Hg and, after bed rest, 198/120 All except 3 
patients had a fixed level of hypertension, or a blood pressure 
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which fluctuated at high levels and which was scarcely influenced 
by bed rest All except 3 had reduced concentrating power, all ex 
cept 2 showed hemorrhagic retinitis, and in 7 edema of the optic 
discs was present In the second group (8 patients) the renal blood 
flow exceeded 549 cc The filtration fraction averaged o 23 and 
Tm D 32 9 mg of iodine The blood pressure on admission aver 
aged 212/134 and on bed rest 157/95 mm Hg All patients in 
this group had a fluctuating type of blood pressure which dropped 
on bed rest, and 5 of them had normal concentrating power The 
changes in the eye grounds were also less severe The authors note 
that markedly reduced renal blood flow correlated well with other 
signs of advanced disease, whereas no such correlation could be 
made with the urea clearance, concentrating power, or blood 
NPN concentration They found that average ratio of the wall to 
the lumen of the arterioles in biopsied tissue from the intercostal 
muscles averaged 1 248 m the first group and o 9075 in the second, 
and they suggested that this ratio is roughly indicative of the de 
gree of arteriolar sclerosis 

Tindley, Edwards, Clinton, and White 848 report that in 7 out 
of 12 subjects with uncomplicated hypertension (all were less than 
50 years of age, they had normal urea clearances and urinary sedi 
ments and showed no eye ground changes or cardiac involvement) 
Tmo was in the normal limits, as judged by their ow n control data 
In the remaining 5, Tuid was reduced below normal In 6 patients 
the ratio Cd/Toid was normal (13 6) or above, and in 6 this ratio 
was below normal, sometimes by enough to indicate definite rel 
ative ischemia None of them showed an elevated Cm/Tmn ratio, 
indicating that there was no large proportion of impotent tubules 
Among 12 subjects with advanced hjpertension (3 had chronic 
glomerulonephritis, 4 had mild congestive failure, 3 were more 
than 60 years of age, and 2 had uremia and retinal changes), Tmp 
was reduced to low normal or subnormal limits in all and the 
filtration fraction was elevated in all The authors believed that 
the evidence was against renal ischemia as a cause of hjpertension 
in a high proportion of subjects 

Friedman and Kasanm Tu report on a pair of identical twins, 
one of whom had hjpertension and coronarj disease In the nor 
motensive twin the renal blood flow was 725 cc, the filtration rate 
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96 cc, and the filtration fraction 024, m the h>pertensive twin 
these figures were 606 and 97 8 cc , and 0215 (normal male figures, 
1166 and 127 cc, o 19) Why renal function should be so reduced 
in the normal twin is obscure 

Hilden has reported diodrast and urea clearances on 60 

patients with hypertensive disease (37 benign, 23 malignant), 
whom he divides, according to the classification of Keith, Wag 
ener, and Barker," 0 * into 4 groups A summarj of Hilden’s data is 
given in table xviii 

TABLE XVIII 

Urea and Diodrast Clearances w 60 Patients aith Hjpertensre Disease 
Studied by Htlden 100110 ” 

Per Cent of Normal 

Urea Diodrast llrea/diodnst clear 

clearance clearance ance ratio X 100 



Mean 

Ranee 

Mean 

Range 

Mean 

Ranee 

Group I 

84 

68-111 

78 

58-107 

13 O 

12 4-14 I 

Group II 

78 

45-123 

67 

34 -J" 

14 * 

10 I—18 2 

Group III 

64 

10-117 

42 

7-88 

19 0 

13 0-24 9 

Group IV 

70 

26-107 

37 

13-72 

24 0 

17 7-29 4 


Hilden emphasizes that in the majority of patients in the be¬ 
nign phase (benign cases) the diodrast clearance is normal, arguing 
against renal ischemia as the cause of this type of hypertension 
It will be noted, however, that with progressive disease, as judged 
by clinical assessment, the diodrast clearance decreases, whereas 
the urea clearance suffers little reduction, the urea/diodnst clear 
ance ratio rising from o 13 to o 24 This fact can be interpreted as 
issuing from (1) the failure of the filtration rate to decrease part 
passu with the diodrast clearance because of the formation of im¬ 
potent nephrons, as noted above, and (2) from the development 
of hyposthenuria, which, b> reducing the degree of concentration 
of the unne, reduces urea reabsorption These data emphasize the 
fact that the urea clearance (e\en less than the filtration rate) af¬ 
fords no index of the degree of renal injury except in the terminal 
stages of this disease If one requires that the filtration rate be 
reduced to 50 per cent of normal before the rise m blood urea ex¬ 
ceeds the variations associated with variations in protein intake 
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and diuresis, azotemia in the clinical sense may not be reached 
until Tmn or Tripah has been reduced to 33 per cent or less of nor¬ 
mal. 

Hamburger and RycLewaert #w report mannitol and PAH clear¬ 
ances in 14 subjects with essential hypertension. The mannitol 
clearance ranged from 47 to 134 cc., and in 8 instances this figure 
was below 100 cc. The PAH clearance ranged from 104 to 574 cc. 
and mu instances was below 400 cc. The manmtoI/PAH clear¬ 
ance ratio ranged from o 22 to 0.58. 

In 32 patients with ‘early’ essential hypertension, Corcoran, 
Taylor, and Page 43t report the average filtration rate as 130 ± 
22.8 (77 to 192), the diodrast clearance 630 109 (469 to 890), 

and the renal blood flow 1153 cc. (778 to 1662), Tmo as 47.5 ± 
5.5 mg. of iodine (36 to 62). The mean blood pressure was 126 ± 
16 2 mm. Hg (98 to 165). 

In 76 patients with well-established hypertension the average 
filtration rate was 93 ± 25.3 (44 to 176), diodrast clearance 393 d= 
115 (178 to 670) and blood flow 697 ± 218 cc. (298 to 1235), Tmo 
36.4 =fc 5.8 mg. of iodine (19 to 55). The mean blood pressure was 
154 ± 19 (1x0 to 200). 

In 58 patients with malignant hypertension the average filtra¬ 
tion rate was 61 ± 31 7 (15 to 137), the diodrast clearance 216 d= 
135 (47 to 564) and the blood flow 369 ± 228 cc. (75 to 1053), 
Tmo 21 3 ± 11 mg. of iodine (4.5 to 43); mean blood pressure was 
176 ± 17.8 mm. Hg (134 to 213). 

Corcoran, Taylor, and Page note that many (or most) of their 
patients with ‘early’ essential hypertension show renal function 
well within the normal range. The average derived data, Ci\/Cd, 
Cd/Titid, and Cm/TniD, are equally normal. In the group with 
established h> per tension the mean filtration rate is on the average 
reduced to 73, the renal plasma flow to £8, the renal blood flow to 
65, and Tmo to 73 per cent of normal, while mean blood pressure 
has increased to 150 per cent of normal. The derived data are cor¬ 
respondingly abnormal except for a Cin/Titid ratio of 99 per cent 
of normal; the filtration fraction was increased to 127 per cent, 
and the Cd/Thid ratio was reduced to 83 per cent of normal. In 
the malignant group, the filtration rate is reduced to 48, the renal 
plasma flow to 32, the blood flow to 34, and Tmo to 43 per cent of 
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normal. The filtration fraction remains at 150 per cent of normal, 
but Civ/Tmo is no per cent, RBF/Tm D 70 per cent of 
normal. 

In 17 patients with arteriosclerotic (systolic) hypertension, the 
average filtration rate was 89 i 29.5 (47 to 124), diodrast clear¬ 
ance 407 ± 101 (220 to 584) and blood flow 710 ± 214 cc. (393 
to 1042), Tm D 35 =i= 7-9 mg. of iodine (21 to 51). The mean blood 
pressure was 134 d: 23 mm. Hg (98 to 180). The pattern in arterio¬ 
sclerotic hypertension resembles in most respects that seen in 
their group called established essential hypertension. 

Hogeman 10M reports data on 20 men with essential hyperten¬ 
sion: the inulin clearance averaged 91 ± -9-6, the diodrast clear¬ 
ance 262 ± 159, the renal blood flow 523 d= 226 cc., and the fil¬ 
tration fraction 0343 dt 0.089. In 42 women these figures were 
91 =fc 21.2, 279 =5= 79.3, 495 =fc 145, and 0.334 — °*o66. The data 
show' lower renal function in the average in those patients with 
retinal changes of grade m to iv, with systolic blood pressure 
above 210 mm. Hg and diastolic pressure above 120 mm. Hg, and 
with blood NPN concentration above 40 mg/100 cc., but there 
was no correlation with the duration of the disease above and be¬ 
low 3 >ears. Hogeman, with Hilden, 10 ” concludes that there is no 
correlation between diastolic pressure and filtration fraction, con¬ 
trary to Friedman et <7/., 7,1 who include 6 cases of coarctation in 
their study. Nor is there a correlation between age and filtration 
fraction or between filtration fraction and filtration rate. 

The filtration fraction was elevated (0.185 to 0.281) in the 3 
subjects with hypertension and 3 listed as nephrosclerosis re¬ 
ported by Cargill.*** Only in the last 3 was the renal plasma flow 
markedly below the normal range. 

Attempts have been made to establish a correlation among 
Tm D , Cin, and concentrating power in essential hypertension," 7 
but clinical experience indicates that such correlations may be 
fortuitous. Man) hypertensive subjects with Tm D less than 50 
per cent of normal show normal concentrating power (specific 
gravity 1.030). Nor is it possible at this time to categorize the 
changes in renal function 4,i in various types of renal impairment 
with too great assurance. 



RENAL OXYGEN CONSUMPTION 


733 


RENAL FRACTION 

The fraction of the cardiac output that normally goes to the kid¬ 
neys may be taken as somewhere between 15 and 20 per cent (ch 
xvii), considerable variability in this renal fraction arising from 
variations m the cardiac output, which is probably less stable than 
the renal blood flow The data of Bolomey, Michie, Michie, Breed, 
Schreiner, and Lauson 207 show that in the extreme stages of hy 
pertensive disease this fraction may be reduced to 2 per cent or 
less, reflecting the fact that the cardiac output does not decrease 
as the renal parenchyma is destroyed, and terminally in a subject 
with normal cardiac output the scarred and contracted kidneys 
receive only a small fraction of the blood It is possible that the 
obliteration of the renal circulation, which normally contributes 
one fifth of the total hemodynamic ‘conductance’ (reciprocal of 
resistance) in the circulatory system, exaggerates the rise in mean 
blood pressure terminally, but this cannot be a significant factor 
early in the disease when the renal blood is still normal or only 
slightly reduced 


RENAL OXYGEN CONSUMPTION 

Cargill and Hickam ” 9 find in 11 subjects with hypertension or 
nephrosclerosis that the oxygen arterial venous difference falls 
within the normal range (1 54 ± 041 cc/100 cc). In these sub¬ 
jects, the renal blood flow ranged from 1237 down to 21a cc , 
which means that the oxygen consumption decreases part passu 
with the renal blood flow, reflecting in the main the progressive 
destruction of renal tissue The residual functional tissue presum¬ 
ably metabolizes at about the normal rate, the defunct tissue is in 
effect, and for the large part in fact, metabolically nonexistent 
They note that m 4 patients with sustained hypertension the renal 
blood flow and oxygen consumption were normal, demonstrating 
that in at least some cases the total metabolic activities of the 
kidney are carried on at the normal level They' believe that oxy¬ 
gen consumption correlates best with filtration rate, accepting this 
proposed correlation as significant, it might reflect, as they sug¬ 
gest, the lowered metabolic demands of the functionally reduced 
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kidneys, the filtration rate being a rough estimate of the number 
of residua! nephrons It would be interesting to know if the 0x5 gen 
consumption correlated better with TmpAH, but no data are avail¬ 
able. 

EFFECTS OF SPINAL ANESTHESIA 

Gregory, Levin, Ross, and Bennett *** studied the effects of spmal 
anesthesia in 10 hypertensive patients, with anesthesia up to D3 
m all, and with anesthesia up to the clavicle in 1 of them The 
inulm clearance fell in ever) instance in which the blood pressure 
was lowered (average —32 per cent first hour, —3 per cent second 
hour), as did the diodrast clearance (av erage —38 per cent first 
hour, —to per cent second hour). The decrease m clearances 
roughly paralleled the extent and duration of the fall in blood 
pressure In 1 patient, in whom sensory paral>sis reached the sec¬ 
ond interspace and there was complete motor paral)sis of the 
lower extremities, there was no decrease m pressure but a slight 
rise, in this patient the clearances increased b> 18 and 17 per cent 
This isolated instance indicates that, if the pressure ts mam 
tamed, spmal anesthesia ma> induce some renal vasodilatation, 
but in general these data argue against any great neurogenic con 
tnbudon to increased renal vascular resistance, recalling the situ 
ation m the normal kidney (ch xiv) However, Gregory and 
Levin report that in normal and hypertensive subjects during 
spmal anesthesia the arterial pressure nearlv alw ay s decreased be¬ 
fore the antecubital venous pressure, and this and other evidence 
leads them to believe that the hy potension characteristic of spmal 
anesthesia is a result of interruption of widespread vasomotor 
function, rather than a decrease in cardiac output 

Corcoran, Tay lor, and Page, 4 * 1 on the other hand, report that, 
in most instances, spmal anesthesia is followed b\ an increase 
(average 22 per cent) m renal blood flow in patients with hyper¬ 
tension, the filtration rate generally decreasing (average 12 per 
cent) During caudal anesthesia, the renal blood flow increased by 
an average of 13 per cent and the filtration rate decreased by an 
average of 2$ per cent They explain the discrepancv between their 
results and those of Gregory et al on the basis that the latter ear¬ 
ned anesthesia up to Da, whereas they went only as high as D5, 
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and consequently the reduction in blood pressure was somewhat 
less. 

Since the mean blood pressure was invariably reduced to levels 
ranging from 85 to 125 mm. Hg, Corcoran et al. conclude that some 
renal vasodilatation occurred, and that in hypertension a sig¬ 
nificant proportion of the increased renal vascular resistance is de¬ 
pendent on nerve impulses which are blocked by anesthesia ex¬ 
tending to about D$, or that anesthetic denervation sensitizes the 
renal vasculature to vasodilator influences. There remains, how¬ 
ever, a residual supernormal tonus which they attribute to a hu¬ 
moral factor. (The changes in renal arteriolar resistances in these 
observations have been recalculated by Gomez’ equations in 
chapter xviii.) Corcoran, Taylor, and Page conclude that the 
major systemic hemodynamic change induced by spinal or caudal 
anesthesia in hypertensive subjects is decreased peripheral re¬ 
sistance, and record their opinion that the observations are en¬ 
tirely inconsistent with the view that essential hypertension is a 
compensation for increased renal vascular resistance, whether due 
to arteriolar sclerosis or other causes. They also conclude that, 
whereas spinal and caudal anesthesia lead to an increase in renal 
blood flow, lumbodorsal sympathectomy does not (vide infra). 
(The time factor is perhaps significant in this respect, since the 
data indicate that, apart from the vasoconstriction superimposed 
by neurogenic and humoral factors, the renal circulation in hy¬ 
pertensive subjects retains in great measure that autonomy which 
characterizes the normal kidney and restores the renal blood flow 
in the face of wide changes in arterial pressure. This autonomy 
may serve to defeat both anesthetic and surgical denervation. By 
the same argument, the fact that the renal blood flow may remain 
unchanged during a period of hypotension is not a firm argument 
in favor of denervation hyperemia. The renal circulation would 
possibly have responded in the same manner had the renal nerves 
been intact and the hypotension been brought about by any other 
means.) 

Corcoran et al. imply, from the fact that caudal anesthesia does 
not produce widespread flaccid paralysis and yet reduces blood 
pressure and peripheral resistance, that hypotension in the normal 
as well as in the hypertensive subject is due largely to removal of 
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neurogenic vasomotor impulses, contrary to the interpretation of 
Smith, Rovenstine, Goldring, Chasis, and Ranges 15,0 However, 
they overlook the study by Rovenstine, Popper, and Bradley, 174 * 
who found b\ the balistocardiographic method that the cardiac 
output did decrease, and that the peripheral resistance was main¬ 
tained at or above control values in 4 normal subjects with sensory 
anesthesia up to D5, D.*, D3, and C6 respectively. Only in 3 sub¬ 
jects has the peripheral resistance decreased slightly (12, 12, and 
27 per cent). Moreover, it seems improper to argue the existence 
of sympathetic vasomotor tonus in the basal state in the normal 
subject from observations on hypertensive subjects. The trend is 
toward the acceptance of an important neurogenic contribution 
to the elevation of blood pressure in the latter. If this argument is 
applicable to the systemic circulation it may equally well be ap¬ 
plicable to the renal vascular bed. 

SYMPATHECTOMY 

One subject, examined by Goldnng et al. before and after uni¬ 
lateral lumbodorsal s> mpathectomy, showed no difference in dio- 
drast clearance or filtration rate between the operated and un¬ 
operated side, either basallj or during pjrogenic hjperemia. Five 
subjects reported b> Goldnng and Chasis T9i examined by ure¬ 
teral catheterization showed about the same renal plasma flow in 
both kidnejs, and this function did not change significantly after 
unilateral or bilateral sympathectomy (ch. xxv). 

Castleman and Smithwjch ,M removed renal biopsies from 100 
hjpertensive patients in the course of splanchnic resections for 
hypertension and divided them according to the degree of vascular 
disease into 5 grades, the proportion falling in each grade being as 
follows: grade o, 7 per cent, grade 1, 21 per cent; grade 2, 25 per 
cent, grade 3,33 per cent; grade 4,14 per cent. The patients aver¬ 
aged 39 \ ears of age and were hnowm to have had hypertension for 
about 6 > ears Sixtj per cent had ‘normal’ renal function, as meas¬ 
ured by the phenolsulfonphthaletn test, and all showed retinal 
vascular changes ranging from mere arteriolar narrowing to edema 
with elevation of the optic discs In contrast to the almost in¬ 
variable demonstration of well-developed arteriolar disease in the 
kidne) S of hypertensive patients observed post mortem, 28 per 
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cent of the biopsies showed no or insignificant vascular disease and 
an additional 25 per cent showed only mild changes The authors 
conclude that the morphologic evidence of renal vascular disease 
in more than half of the cases was inadequate to be the sole factor 
in producing the hypertension, and that in many of these, and 
probably others, the hypertensive state antedated the renal vas¬ 
cular lesion, which, once established, probably aggravated the 
hypertension They believe that their observations are not in 
keeping with the concept that renal ischemia due to pre existing 
renal vascular disease is the cause of essential hypertension It is 
of interest to note that 8 adrenal tumors were found in 7 patients 
Six were cortical adenomas and 2 were pheochromocy tomas The 
latter had not provoked paroxysmal attacks of hypertension 
Talbott, Castleman, Smithwick, Melville, and Pecora 1041 at¬ 
tempted to correlate the renal clearances in 20 of these patients 
with the degree of arteriolar involvement classified by Castleman 
and Smithwick Among 9 patients in whom Tmo was determined, 
classification and Tmn were not closely correlated, values of Tm D 
of 37 to 67 mg of iodine coinciding with a classification of grade 
o, i, 11, or hi The single grade iv patient studied had a Tmc of 19 
The ratio Cd/Titid was below normal in all but 1 subject, indica 
tive of relative ischemia The average inulin clearance was not 
markedly reduced in grades o, 1,11, and hi (94, 104, 91, 89 cc re 
spectively) but it averaged 64 cc in grade iv The diodrast clear 
ance showed a progressive decrease o, 625,1, 552,11,470, in, 439, 
iv, 283 cc The filtration fraction was normal in 7 out of 8 cases in 
grade o, 1, and 11, and increased in 6 of 11 cases in groups m and 
iv The average filtration fraction increased progressively with 
the severity of arteriolar lesions o, o 155,1, o 190,11, o 193,111, 
0204,1V, 0233 The authors conclude that in a fairlj high per¬ 
centage of patients the renal vascular lesions are inadequate to ex¬ 
plain the hy pertension This conclusion has been criticized on the 
grounds that a small biopsy sample is inadequate to reveal the 
status of the renal vascular tree as a whole, but the conclusion that 
hypertension may develop in persons whose renal vascular lesions 
are no greater than is found in normotensive controls has been 
affirmed by Bell 111 on broader pathological grounds, and sup- 
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ported by subsequent observations on the same patients by 
Casdeman and Srmthwick. ns 

Bilateral lumbodorsal splanchmcectomy reduced the filtration 
rate by about 20 per cent in the immediate postoperative period 
(within 2 weeks), but in 4 to 13 months this had returned to pre¬ 
operative values The diodrast clearance did not show any sig¬ 
nificant change in the immediate postoperative period, but did de¬ 
crease about 17 per cent within a year and remained approxi¬ 
mately the same for the next few years. Nor was there any lasting 
effect on the filtration fraction. The authors conclude that splanch- 
mcectomy has no effect on the renal circulation. 

Corcoran and Page w report pre- and postoperative data on 
renal plasma flow and filtration rate m 2 patients receiving bi¬ 
lateral lumbodorsal sy mpathectomv. The renal plasma flow was 
decreased in both, the filtration rate in one, after the operation. 

Findley, Clinton, and Edwards 847 report that subdiaphragmatic 
sympathectomy had little effect on renal function in 5 patients. 
The diodrast and tnulm clearances remained practically un¬ 
changed. In 1 patient the ratio Cn/TniD increased from 10.5 to 
16 5, but this was associated with a decrease in TmD over a period 
of 6 months They express the view that the changes in blood pres¬ 
sure which occasionally follow surgical intervention are nonspecific 
in nature and not fundamentally related to the cause of the dis¬ 
ease. 

Foil, Woods, Peet, and Foa report that bilateral supradia¬ 
phragmatic splanchmcectomy with lower dorsal sympathectomy 
failed to increase the renal blood flow in 17 patients. The fact that 
the renal blood flow remained relatively constant despite reduction 
of blood pressure in 8 patients implies that renal vascular resist¬ 
ance was decreased, but not necessarily because of denervation. 
They believe that the patients with the greatest renal blood flow, 
the greatest vasomotihty', and the least thickening of the systemic 
arterioles as measured in biopsied material, received the most 
benefit from the operation. 

Southworth 1,47 reports that, among 26 patients receiving lum¬ 
bodorsal splanchmcectomy, renal function was reduced imme¬ 
diately after operation, but after a year or more it returned to the 
preoperative level. The operation had no lasting effect on the thio- 
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sulphate/PAH clearance ratio In i patient, however, who ap¬ 
parent) had malignant hypertension, marked, real, and sustained 
improvement in renal function was observed in the 2 years after 
operation 

Adams, Alving, Sandiford, Gnmson, and Scott 8 report that 
only i out of 6 patients showed a decrease in filtration fraction and 
increase in renal plasma flow after bilateral paravertebral sjm 
pathectom), in all the others the renal plasma flow decreased or 
remained unchanged * 

Hilden 1004 reports the urea and diodrast clearances in 19 pa¬ 
tients 10 days postoperativel), and 10 patients 12 to 18 months 
after sympathectomy Ten days after operation the urea clear¬ 
ance was on the whole unchanged, the diodrast clearance slightly 
increased Twelve to 18 months after operation both clearances 
had decreased to a possibly significant extent He rejects renal 
ischemia as a primary factor in pathogenesis, and notes that 
changes in renal function are not related to the clinical results of 
surgical intervention 

The effects of sympathectomy in reducing blood pressure can¬ 
not be explained in terms of direct hemodynamic effects, and in¬ 
direct ph>sical and chemical mechanisms are apparently in¬ 
volved 2218 

The adrenergic blocking drug, dihydroergocornine, reduces the 
renal plasma flow and, to a lesser extent, the filtration rate m both 
normotensive and hypertensive subjects, the effects indicating 
renal \asoconstnction No difference between the two groups 
could be discerned 481 

UNILATERAL SYMPATHECTOMY AND ADRENALIV 

Chasis and Michie 744 studied the action of adrenalin (o 5 mg 
subcutaneous and o 5 mg intramuscular) in 5 hypertensive pa 

*Landowne and Ahing 150 * have calculated the crude renal resistance as 

7—t-tt— X loo and attempted to correlate this flgure with the results 
renal blood flow 

of s>mpathectomv, as reported by several authors Thc> bel eve that low post 
operatnc diastolic pressures can be s gntficantl) related to a crude resistance 
of less than 22 units This amounts to saving however, that good operative 
results can be expected if the blood pressure is relatively low and the renal 
blood flow h gh 
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tients who had received sympathectomy on one side (see table 
vm, p. 426). The relative decrease in per cent in renal plasma flow 
in the sympathectomized/contro! kidney was 32/27.9, 39 * 7 / 4 * •-> 
21.7/19.7, 21.6/25.1, 69.6/68.4. The authors conclude that sym¬ 
pathectomy does not enhance the sensitivity of the renal blood 
vessels to adrenalin. 

UNILATERAL NEPHRECTOMY 

Friedman, Selzer, Kreutzmann, and Sampson 715 report that the 
diodrast clearance was reduced in 4 out of 5 patients having uni¬ 
lateral renal disease and hypertension. It was reduced more in the 
affected kidney than in the normal one. From the bladder clear¬ 
ances before and after uninephrectomy in 2 cases, and from uni¬ 
lateral studies before nephrectomy in 3, they infer that removal 
of the diseased kidney was followed by an increase in the renal 
blood flow and filtration rate of the remaining kidney in all 5 pa¬ 
tients. A significant reduction of blood pressure following opera¬ 
tion occurred in 3 of the 5 patients, but in none did the blood pres¬ 
sure return to normal despite the fact that in 3 of these patients 
there was no ischemia of the remaining kidney. They reaffirm the 
conclusion that renal ischemia may be a concomitant, but is not 
necessarily a causative factor in the pathogenesis of essential hy¬ 
pertension. 

Weiss and Chasis !IS * examined a hypertensive patient in whom 
there was an atrophic pyelonephritic left kidney. The right kidney 
preoperatively showed a filtration rate of 84 cc. and a diodrast 
clearance of 386 cc.; Tiud was 45.4 mg. of iodine and C D /Tm D 8.5. 
Except for a moderate deficit in the first figure, this single kidney 
had almost the function of 2 normal kidneys. The left kidney 
showed a filtration rate of 17 and a diodrast clearance of 55.7 cc., 
Tmn of 3.0 mg. of iodine, and CD/Tm D of 18.4, showing advanced 
atrophic changes. Two and one-half months postoperativeiy, the 
filtration rate on the right side had increased to 95.8 cc. and the 
diodrast clearance to 593 cc., Tm D to 48.4, and C D /Tm D to 12.2, 
showing some stimulation from uninephrectomy. The right kidney 
was now fully equal to 2 normal kidneys. The blood pressure was 
not affected by uninephrectomy, and the authors conclude that in 
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this patient unilateral renal disease was not causally related to 
hy pertension 

NEPHROPTOSIS 

McCann and Romansky 1,10 report functional studies on 5 sub 
jects with essential hypertension with nephroptosis The renal 
plasma flow was consistently lower when measured m the erect 
position as compared with the value obtained after a period of 
recumbency of 1 to 5 days The filtration rate changed little, but 
in each case the filtration fraction increased Five normal subjects 
and 1 with hypertension but without nephroptosis showed neg 
ligible changes in renal plasma flow in the erect position It ap 
pears that the movement of one or both kidneys sufficed to reduce 
the renal circulation, but whether this circumstance is related to 
the existence of hypertension must remain an open question 

PREGNANCY 

During pregnancy, the renal blood flow appears, if anything, to be 
slightly increased, as indicated by the Cp/Tmo ratio in women 
with essential hypertension uncomplicated by specific toxemia 
The filtration rate and Turn are unaffected 1141 

DIET 

Chasis, Goldnng, Breed, Schreiner, and Bolomey m examined 10 
hypertensive patients while maintained on a ward diet, and sub¬ 
sequently on the low salt rice diet recommended by Kempner M0 * 
The rice diet led to a decrease in filtration rate, renal plasma flow, 
and TmpAn in most instances The filtration rate and renal plasma 
flow returned to or toward the control level on addition of salt to 
J:bf» skst, dwf TuvwJf JMxdf.rwmor a fwibfr dersrase .«? 4 sxut nf 
5 patients who took salt When the ward diet was reinstituted in 
3 patients in whom Tmpxn had been depressed in the rice diet, this 
function returned to the control value in 2 and approximated it in 
1 The authors interpret the reduction of Tmj» A !i on the rice diet 
as a deleterious but apparently reaersible effect Similar results 
have been recorded m a preliminary note by Weston, Heilman, 
Escher, and Leiter ,l4 ° 
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CHLORIDE CLEARANCE 

Farnsworth and Barker 530 report that in norma! subjects the 
U/P ratio of chloride correlates positively with the U/P ratio of 
inulm, the regression line extrapolating to zero. This means that, 
m any one subject, the chloride/inuVm clearance ratio is unaffected 
bv the urine volume, as would be anticipated if chloride reabsorp¬ 
tion were itself independent of unne volume, and that active re- 
absorption will reduce the chloride U/P ratio below i.o as diuresis 
reduces the inulm U/P ratio below some value (usually about 60) 
which is itself determined by the clearance ratio. In h> pertensives, 
the chloride clearance seems to be susceptible to urine flow but the 
data do not permit a firm conclusion on this point- The data as 
recorded show’ a ch]onde/ir>uhn clearance ratio some 3 times 
greater in h) pertensives (0.055) than in normal subjects (0.0189) 
on a regular ward diet, but the figures are suspect: the average 
chloride clearance in the norma! subjects is 1.84 cc/min.; assuming 
filtrable chloride to be 103 mEq/liter, this would mean the excre¬ 
tion of 15.8 gm/day of salt, while the average chloride clearance in 
the hypertensive subjects of 4.3 cc. would mean the excretion of 
36 gm/day of salt. It seems probable that chloride excretion in 
both groups was promoted by the use of saline in the clearance 
test, and hence the difference between the two groups is difficult 
to interpret. Since hypertensive subjects can keep themselves in 
salt balance on as low an intake as normal subjects, it is clear that 
they suffer no excessive loss of chloride. 

MALIGNANT NEPHROSCLEROSIS 

Between 5 and 10 per cent of patients who die of hypertensive dis¬ 
ease die of so-called malignant nephrosclerosis. This condition con¬ 
sists of a fulminating necrotizing renal arteriolitis and appears al¬ 
most always to be preceded by a shorter or longer period of benign 
hjpertenston. Opinion is divided on the true relationship between 
the two diseases, and malignant nephrosclerosis bears a dose re¬ 
semblance to periarteritis nodosa. It is characterized by weight 
loss, severe hypertension, marked eye-ground changes, and rapid 
deca> of renal function. 

Chesley * 71 has reported clearance observations on 3 women in 
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whom malignant nephrosclerosis occurred contemporarily with, 
but not necessarily with any causal relation to, pregnane) In I of 
these patients, when first examined, the renal blood flow was 119 
per cent, the filtration rate 14I per cent, the urea clearance 118 per 
cent, and the uric acid clearance 133 per cent of normal Rapid 
deterioration of renal function occurred and within 90 days renal 
blood flow and TmpAH were reduced to below 20 per cent of nor 
mal The urea clearance continued its downward course and death 
in uremia occurred after about 7 months These data, and data on 
the urea clearance in the other 2 patients, indicate that in this dis¬ 
ease renal function may deteriorate from essentially normal levels 
to uremic abyss within a period of a few weeks or months 
A patient studied by Brod,* 80 in what was apparently the ter 
minal stage of malignant nephrosclerosis associated with chronic 
pyelonephritis, showed evidence of back diffusion of endogenous 
creatinine chromogen and of PAH 

HUMORAL FACTORS IN RENAL ISCHEMIA 

In view of the fact that the arteriolar lesions in the hypertensive 
kidney are most evident in the preglomerular and afferent arteri 
oles, and that these lesions are, in extreme instances, of such a 
nature as to narrow the lumen, it would seem plausible to at 
tribute renal ischemia and the progressive impairment of the renal 
parenchy ma to these arteriolar lesions This interpretation is un 
doubtedly in part correct but it must be cautiously qualified It 
can be accepted that arteriolar sclerosis will contribute to the rc 
duction in filtration rate, renal blood flow, and Tmn by the forth 
right ischemic obliteration of glomerular and tubular tissue with 
out excluding other factors It has been noted above that reduction 
in Titid seems to proceed ahead of reduction in the filtration rate 
and renal blood flow, 7,5 this differential impairment of function is 
re\ealed by the high Cin/Tiud and Cn/TniD ratios observed in 
many subjects with only moderate renal injury, as shown in figures 
125 and 126 The only interpretation that can be gi\ en to this fac* 
is that tubular excretory function (as judged by Tmn, at least) is 
impaired independently of such arteriolar lesions as obliterate the 
glomerular circulation At this time it seems improbable that this 
tubular impairment can be attributed to ischemic injury, and we 
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ma\ continue to seek some other explanation as m) stenous as the 
origin of the arteriolar lesions themselves 

Moreover, at ever) stage of renal injur), until parenchyma! 
destruction has reached its most advanced stages, there is super 
imposed upon the residual functional tissue an ischemic process of 
a vasomotor, reversible nature, as is shown by the fact that as 
great a relative increase in renal blood flow ma) be induced bv the 
pyrexial reaction in h)pertensive patients as in normal subjects- 
P)rexial hyperemia fails onlv when the renal parench>ma has 
been reduced to a contracted mass of scar tissue with a few vas¬ 
cular conduits that have lost all vasomotor labihtv Conversel), 
until this late stage, the renal vasculature retains its vasomotor 
responses to autonomic stimuli which in the normal subject t>pi 
call) call forth renal vasoconstriction Some of this enhanced 
vasomotor tonus ma) have a neurogenic basis, but that this is not 
the enure explanauon is demonstrated b) the fact that the van 
ous operations intended to denervate the kidnejs fail in general to 
increase the renal blood flow or decrease the filtration fraction 
Admitting the difficulty of establishing complete denerv auon of 
the human kidnev, and recognizing that the evidence above does 
not exclude a local or m)ogemc origin for the increased resistance, 
Goldnng et al concluded that one or more vasoconstrictor fac¬ 
tors are present in the blood, in at least some instances, and es- 
peciall) those in which the rauo Cc/Tmo is low This factor or 
factors ma> of course contribute to the enhanced vasomotor tone 
throughout the bod) However, since man) pressor amines (ad 
renalin, neos>nephnn, cobefnn, tjramme, paradrmol, etc) pro¬ 
duce a t)pe of renal ischemia which can scarcelv be disdnguished 
from that of angiotonm b) renal hemod)namics, there is little 
warrant to believe that the humoral factor in essennal hyperten 
sion is angiotonm It has been noted, moreover, that renin is not 
demonstrable in the renal venous blood of hyper tensive subjects, 
even though it is demonstrable in the venous blood in normo- 
tensive subjects under certain conditions of renal ischemia and, in 
some instances, of chronic congesuve heart failure What pressor 
substances ma) be involved m essential hypertension remains to 
be determined Goldman, Krxss, Futcher, and Schroeder in report 
that transfusion of arterial blood from h> per tensive or normo- 
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tensive subjects into others with hypertension hid no consistent 
effect in the latter upon the filtration rate, renal plasma flow, or 
filtration fraction H>pertensive blood did, however, tend to ele 
vate the diastolic pressure of the recipients to a greater extent than 
did normotensive blood The experiments suggest but do not prove 
the presence of pressor substances having pathogenic significance 
Stock and Schroeder 1011 have adduced evidence of pressor sub 
stances of amine nature in the arterial blood of hypertensive sub 
jects recalling the significance of oxidative deamination lT0 m To 
show that such agents are causallj rather than secondarily related 
to the disease may, however, prove difficult 

Shorr, Zweifach, and their collaborators miim report that in 
il subjects with essential hypertension the blood contained large 
amounts of both VEM and VDM, but in such balanced propor 
tions as to give it a neutral character in the test animal Separation 
can be effected only by incubating the blood with normal kidney 
tissue to destroy the VEM, unmasking the VDM The situation is 
similar to that in the chronically hypertensive dog and is no more 
intelligible at the moment Since the site of action of \ EM is the 
meta arteriole rather than the arteriole proper, it is to be antici 
pated not that it would have a direct pressor action but that its 
influence would be mediated through the (at present) poorly 
understood mechanisms mediating among arterial pressure capil 
lary pressure, extracellular fluid volume, and other related phy si 
ological variables 

It may be noted that the hepatic blood flow was within the nor 
mal limits in 12 hypertensive subjects examined by Culbertson 
Wilkins Ingelfinger, and Bradley * 41451 

PATHOGENESIS OF ESSENTIAL H\ PERTENSION 

In the opinion of most observers, the cause of essentia! hyper 
tension remains unknown * The position of those who believe that 

* Space does not perm t the mclus on here of ^ olhard s theory of hyperten 
s on wh ch leads hm to div de the d seasc into two types red and j ale hy 
pertens on \ olhard s % ews wh ch are w del} accepted in Europe are in some 
respects in agreement w th those stated here in other respects in d sagreement 
They have recently been well summarized by hm in the Fcstichr ft for Thomas 
Adits « 
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the kidney is primarily responsible is well presented by Gold- 
blatt: 7,1 

‘The many similarities between human essential hypertension asso¬ 
ciated with renal vascular disease and experimental renal hypertension 
suggest but do not prove that the former may also be of renal origin. 
Ev en if the renal origin of this form of hypertension should become es¬ 
tablished, it would still remain necessary to determine the cause of the 
arterial and arteriolar sclerosis which, w'hen it affects the kidneys to a 
sufficient degree, initiates the humoral mechanism of the hypertension. 
The failure of animals to develop widespread arterial and arteriolar 
sclerosis, even after years of hypertension without accompanying im¬ 
pairment of renal excretory function (the benign phase), does not lend 
support to the view that hypertension is a sufficient condition for the 
production of \ ascular sclerosis It must be admitted, howe\er, that 
this may mean only that the blood vessels of animals are less sensitive 
than human vessels to the effect of increased intravascular tension alone, 
although they appear to be even more sensitive to the conditions which 
determine the necrotizing vascular changes of the malignant phase of 
hypertension Because the probable primary* significance of renal ar¬ 
terial and arteriolar sclerosis has been indicated by experimental studies* 
the cause of vascular disease has now become the most important prob¬ 
lem in the future investigation of the pathogenesis of hypertension.* 

Against the renal interpretation are many’ facts, some of them 
cited in preceding pages, no one of them constituting proof of a 
non-renal ongtn, but which collectively lead many investigators 
to reject the renal theory’. Smirk, ,,,J in a notable review of the 
large literature on this subject, makes a number of important 
points: 

Certain geographical environments favor higher 'normal' blood 
pressures, while other environments favor lower ‘normal’ pres¬ 
sures. Populations exhibiting higher ‘normal’ pressures have a 
higher incidence of essential hypertension—whether because of 
environment or racial predisposition is undetermined. Overweight 
is associated with a tendency to higher blood pressure and, in the 
course of time, a higher incidence of essential hypertension. The 
converse is also true. The tendency' to exhibit transient hyper¬ 
tension in response to mental and other stimuli indicates a physio¬ 
logical make-up which is likely to express itself in daily life by ab- 
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normally strong and frequent blood pressure elevations, which, if 
sufficiently frequent and prolonged, predispose toward the de¬ 
velopment of essential hy pertension Distinction should be made 
between ‘basal’ pressure (dreamless sleep, narcosis, hy pnosis) and 
‘supplemental’ pressure (physical or mental excitation) Most 
‘casual blood pressures are somewhere in between 

The evidence indicates that elevation of blood pressure is usu¬ 
ally manifest, at least in young people, before characteristic 
changes appear in the kidney and other organs Prolonged ele 
vation of pressure leads to medial hypertrophy in the smaller 
arteries and arterioles and perhaps to increased elastic tissue and 
intimal hyperplasia, these arteriolar changes being usually most 
pronounced in the kidneys Such changes are generally interpreted 
as being compensatory to increased work (pressure) in the ar¬ 
teriolar tree, they may, however, contribute to a vicious cycle by 
further increasing peripheral resistance, despite the fact that this 
increase is primarily active rather than passive With other factors 
(neurogenic, endocrine, humoral) contributing, a vicious cycle 
may be established so that supplemental increases in blood pres¬ 
sure may outlast the stimuli which caused them Smirk believes 
that malignant hypertension is not simply an accelerated form of 
benign hypertension but involves some additional factor 
The factors that in various combinations may contribute to es¬ 
sential hypertension include (a) inelasticity of the large arteries, 
(b) exaggerated contraction of hypertrophied arterioles, (c) re 
lease of pressor agents from ischemic kidneys, (d) to a very minor 
degree increased passive resistance of hypertrophied arterioles, 
and (e) an unknown non renal factor or factors capable of per¬ 
petuating certain blood pressure increases after the primary ex 
citing causes have ceased to operate 
Though Smirk does not call it such, the foregoing view of the 
pathogenesis of essential hypertension is essentially a polyphy- 
letic one The causes and contributory factors may be different 
in different individuals His view recognizes, with many American 
investigators, that the renal vasculature is frequently, if not usu¬ 
ally , as much the victim of arteriolar sclerosis as is the v asculaturc 
of the retinae, heart, skeletal muscles, and viscera 
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If it is assumed that hypertensive disease is the result of a mul¬ 
titude of microscopic Goldblatt clamps placed upon the renal ar¬ 
terioles, then it must be recognized that the arteriolar disease, 
which itself remains unexplained, is the primary event, and there 
remains no reason to believe that this disease necessarily arises 
from altered renal metabolism. It has been suggested that renal 
ischemia or some other disturbance of the renal circulation is 
brought about by neurogenic constriction of the renal arterioles 
mediated through the sympathetic nervous sjstem. The propo¬ 
nents of this view create an argument by inference from the facts 
that the renal circulation is sacrificed in the emergencies of shock, 
hemorrhage, the circulator)' failure of syncope, etc., and that renal 
vasoconstriction can be initiated by fright, pain, and by an acutely 
precipitated mental conflict stemming from psychoneurosis. This 
view implies that the stresses of modern life initiate the hyper¬ 
tensive process along the lines of the Goldblatt experiment by the 
functional constriction of the renal arterioles. If true, the hyper¬ 
tensive process when once initiated must become independent of 
the kidneys, 1 * 0 for what must be nearly complete renal denerva¬ 
tion effected by sympathectomy does not effect a cure. , * M,M It 
may be noted in this connection that in dogs repetitive stimula¬ 
tion of the renal nerves, which produces renal ischemia and eleva¬ 
tion of blood pressure during the period of excitation, when ap¬ 
plied for 22 out of 24 hr. every day for a month, fails to produce a 
chronic hypertensive state. 11 ** 

The writer has elsew here ,Ki suggested that, had someone placed 
a damp on the pancreatic artery before the days of Minkowski 
and obtained diabetes, he might well have been led to the theory 
that all diabetes is due to pancreatic ischemia or some other dis¬ 
turbance in the pancreatic circulation. This is, of course, not true; 
it is probably a very rare case of diabetes mellitus in which the 
pancreatic circulation plays any part; in some instances diabetes 
possibly can be attributed to a congenita! deficiency of islet tissue, 
in some cases to pituitary dysfunction, and in some cases to a dis¬ 
turbance in the adrenal cortex, and not all investigators are agreed 
that this enumeration exhausts the list. 

Among the factors, not emphasized by Smirk, which have been 
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indicted as contributing to the genesis of essential hypertension 
are the adrenal cortex , 180 - 1 * 87 -"* 0 1S#I ,#M - 18M dietary deficiency in 
early life , 1 * 4 the anterior pituitary and the neurohypophysis, ge¬ 
netic predisposition, psychogenic strain, and personality disorders. 
Findley 418 has recently brought together numerous lines of evi¬ 
dence that suggest to him that hypertension and many allied dis¬ 
orders of aging are due to hypofunction of the neurohypophysis. 
He has suggested that diminished secretion by this gland results 
in degeneration of the basophilic cells of the anterior pituitary and 
of their respective target organs and leads to increased tissue 
sensitivity to various pressor hormones. 

The psychiatrist has reported from investigation of a few hy¬ 
pertensive individuals that such persons tend to display exag¬ 
gerated dependent strivings, submissiveness coupled with stub¬ 
bornness, feelings of weakness and defenselessness, suppression of 
hostility, fear of injury, and emotional detachment that may lead 
to acute emotional disorders; that essential hypertension may be a 
somatic manifestation of a psychoneurotic condition based on ex¬ 
cessive and inhibited hostile impulses; that protracted resentment 
may be a specific leit motif running through the anxiety and in¬ 
security of the emotional pattern . 4014,8 However, the signifi¬ 
cance of such psychoneurotic disturbances can scarcely be eval¬ 
uated in the absence of a comparable assessment of conflict, sup¬ 
pression of hostility, fear of injury, and the like in the large num¬ 
ber of people who do not have hypertensive disease. 

That there is an important autonomic (and emotional) com¬ 
ponent in the disease is admitted by all investigators , 458 880 an 
emotional component which is more important with respect to 
symptoms than blood pressure itself. It has long been established 
that headache, restlessness, sleeplessness, and other subjective 
symptoms can frequently be relieved not only by sedation but by 
confident reassurance . 87 The blood pressure falls and becomes 
stabilized at a lower level in a significant number of patients after 
repeated measurements are begun by the same person ;" ,0 blood 
pressures taken at home by the instructed patient arc frequently 
lower than those taken in the clinic; ** reduction of pressure, some¬ 
times of a substantial degree, is frequently observed to follow pro- 
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longed bed rest or even ambulatory hospitalization, * even when 
the pressure is taken routmel> by a familiar nurse during hos¬ 
pitalization, successive readings at the same sitting may be highly 
\ anable and the mean \ alues over a period of weeks may fluctuate 
markedly But, as Bradlej **° observes, the emotional component 
is so variable from person to person and from time to time that it 
can scarcely be accorded more than an incidental role in patho¬ 
genesis, although the autonomic nervous system must at least be 
accounted a major factor in dictating the pressure level This 
lability of blood pressure makes it difficult, except under rigorously 
controlled circumstances, to obtain a base line from which to 
judge the effectiveness of any therapy 

Most if not all forms of therapy have allegedly had some success 
m the alleviation of sy mptoms, if not in the reduction of blood 
pressure 7 * 1 The onl> element the} have in common, howe\er, as 

* It is well recognized that in many subjects with essential hypertension the 
blood pressure will fall on bed rest, and ev en in consequence of admission to a 
hospital Goldnng, Head, and Chasis (pers com ) have examined the records 
of 91 patients with essential hypertension but without signs of cardiac failure 
or myocardial infarction, who were admitted to Bellevue Hospital for obsena 
tion but who received no therapy They were maintained on the ambulator) 
ward routine and regular diet The periods of observation ranged from 5 to 
131 da>s Six to 9 blood pressure determinations were made daily b) the same 
nurse- 

Of this group, 89 1 per cent showed some fall in systolic pressure, 18 7 per 
cent showed a reduction of 10 to 25 mm , 25 3 per cent a reduction of 26 to 40 
mm , and 45 1 per cent a reduction exceeding 40 mm Hg Of this total group, 
42 per cent fell below ijo mm and 48 1 per cent showed a subsequent rise 
Only 32-4 per cent of those falling below 150 mm showed a subsequent rise 

A decrease in diastolic pressure was observed in 85 7 per cent, 42.9 per cent 
showed a reduction of 10 to 25 mm , 28 6 per cent a reduction of 26 to 40 mm , 
and 14-3 per cent a reduction exceeding 40 mm Of this total group 48 7 per cent 
fell below 9j mm , and 308 per cent showed a subsequent rise. Onl> it i per 
cent of those falling below 9/ mm showed a subsequent rise For those patients 
who showed a significant decrease {1 e- a decrease in either sjstohc or diastolic 
pressure of 10 mm or more) the tune relationship between the day of onset 
and the number of dajs required to reach a minimal pressure was determined 
b> plotting the da) of onset against the latter figure- In 81 patients whose s>s- 
tolic pressure decreased, 47 or 58 o per cent reached a minimal value in the first 
10 da)s. In 78 patients whose diastolic pressures decreased, 47 or 60 3 per cent 
reached a minimal value within the first 10 days. However, individual varia¬ 
tions reveal that neither the s)stolic nor the diastolic pressure mi) start to de 
crease until the fiftieth day of hospitalization, and the minima! values may not 
occur until more than 30 days thereafter 
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Ayman 87 long ago noted, is the ‘enthusiastic treatment of a wor¬ 
ried patient ’ The restoration of renal function, like the arrest of 
the vascular disease itself, is at present an unsolved problem 
Much more must be known about the disease before full assess¬ 
ment can be made of such therapeutic measures as imolve re¬ 
striction of salt intake , 1801 of salt intake and protein ,* 84 *“ 
or of sympathectomy 8810141,811,41 * m 



CHAPTER XXIV 


Acute Renal Failure Related to Traumatic 
and Toxic Injuries 


\zotemia mav be precipitated by any circumstance that inter¬ 
feres with renal function, quite independently of the presence of 
renal disease or e% en actual injury of the kidnej s Such circum¬ 
stances are usually complex. For example, postoperative edema of 
the ureteral vesicle junction may obstruct the flow of urine 
through the unnan papillae, though simultaneous reflex renal 
ischemia is b) no means excluded as a participating factor. Tu¬ 
bular obstruction can result from the precipitation of poorly 
soluble sulfa drugs in the distal tubule and collecting ducts, and 
produce oliguna by simple obstrucoon; jet the renal vasculature 
maj participate in the allergic reaction evoked in some sensitive 
persons b\ sulfa drugs and other agents, and precipitation of rel¬ 
ative!) insoluble materials may occur secondarily to the resulting 
ischemic oliguna. 4 -*” 

In many other circumstances, discussed in chapter xxi, cir¬ 
culatory’ insufficiency as a primary event maj' lead to azotemia 
through reduction m renal function bj' the production of renal 
ischemia. Among such precipitating factors are hemorrhage, trau¬ 
matic shock, cardiac failure, and disturbances which lead to de- 
hvdration by loss of salt and water, such as vomiting, hema- 
temesis, diarrhea, bums, diabetic coma, and adrenal insuffi- 
cienc>\ m In such conditions, the azotemia is frequently designated 
75 * 
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as extnrenal or prerenal This designation is chiefly useful in m 
dicating that renal disease is not per se responsible for oliguria and 
nitrogen retention, and that relief from renal insufficient ma> be 
expected if the extrarenal disturbance is rectified The assumption 
of a benign prognosis for prerenal azotemia must, however, be 
tempered by the realization that prolonged renal ischemia can lead 
to protracted or irreversible renal injur) The borderline between 
a benign renal ischemia and one producing irreversible damage is 
not sharply defined 

In none of the circumstances above is it possible to sa) to what 
extent vasoconstriction is mediated via the vasomotor nerves, by 
systemic humoral agents, or b> direct action on the renal ar 
tenoles Hence an) attempt at the present time to classif) mecha 
nisms leading to oliguria and azotemia on a physiological basis 
would be specious It is, however, in accord with current concepts 
to speak of renal insufficienc) resulting from the recent imposition 
of an external noxious stimulus as acute renal failure, the expres¬ 
sion serving merely to exclude benign renal ischemia and chronic 
renal disease 

ACUTE REVAL FAILURE 

Acute renal failure may occur in such a vanet) of circumstances 
that merely for the sake of brevity it is convenient to list some of 
them categorically 488 

Shock gunshot wounds, head injury, ureteroplacental damage, 
postpartum hemorrhage, concealed hemorrhage, septic abortion, 
vascular injur), anoxia, carbon monoxide poisoning, and shock, 
however caused 

Disturbances m electrolyte balance hematemesis, pyloric stenosis, 
excessive vomiting, acidosis, alkalosis, cholera and other diarrheas, 
Addison’s disease, h>pochloremia, diabetic coma, intestinal ob 
struction, pernicious anemia, pneumonia 

Pigment excretion crush injur), incompatible blood transfusion, 
burns, )ellow fever, blackwatcr fever, equine para!)tic m)t>- 
hemoglobinuna, Weil’s disease, heat stroke, icterus neonatorum, 
non traumatic muscular ischemia 

Allergy incompatible blood transfusion, eclampsia, serum sick 
ness, sulfonamidesensitivit), staph)lococcal toxin, meningococcus 
toxin, t)phus fever, favism 
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Chemicals: uranium, mercury, bismuth, oxalate, tartrate, bi¬ 
chromate, tetrathionate, phosphorus, alloxan, cresol, uric acid and 
carbon tetrachloride (one of the most common offenders), mush¬ 
room and possibly many other organic poisons, and the bite of the 
Black Widow spider. 

This listing is incomplete, imperfect, and wholly without rela¬ 
tion to the sequence of physiological events that leads to renal in¬ 
jury. The only factor in common is renal injury, and our present 
problem is to examine the sequence of physiological etents that 
leads to it. 

.NEPHROTOXIC AGENTS 
Uranium 

That the toxic effects of uranium salts are chiefly if not solely at¬ 
tributable to a nephrotoxic action was shown by Leconte in 1854. 
Uranium induces an initial polyuna followed by oliguria and 
anuna. Although the glomeruli develop obliterative connective 
tissue changes of varying degrees of severity, the mam point of 
action is on the distal portion of the proximal tubule. ,M * 
MacNider 1,5711S « m » 1,19 mi has shown that intoxication 
with sub-lethal doses in dogs leads to degenerative changes in the 
proximal tubule epithelium. The cells swell, the cytoplasm be¬ 
comes cloudy, and the luminal aspect tends to disintegrate. Re¬ 
generation of typical proximal epithelium may occur from such 
cells as are not too severely injured; such regenerated epithelium 
has no increased resistance to uranium. Or regeneration may occur 
as an ingrowth of cells or as sync} tial buds from cells in the ter¬ 
minal portion of the proximal tubule; this type of regenerated 
epithelium is cytologically entirely' different from normal tissue in 
that it is flatter and the brush border, if present, is difficult to 
demonstrate. These cells are remarkably resistant to a second at¬ 
tempt at uranium intoxication and apparently increase the over¬ 
all resistance of the animal. Similar atypical flat hepatic cells are 
formed by' regeneration after liver injury by uranium, and a com¬ 
parable transformation occurs spontaneously in the proximal tu¬ 
bule of senile animals, although uranium is more toxic for old than 
for y oung dogs. Intoxication is characterized by severe acidosis. 
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and some protection is afforded by the administration of sodium 
carbonate, bicarbonate, or citrate 
Richards, Westfall, and Bott 1711 found m one dog poisoned with 
uranium that the creatmine/mulin clearance ratio ranged from 
o 98 down to 071 (average o 87) at urine flows of o 5 cc/mm or 
more and at inulm clearances of 50 to 67 cc , indicating bach, dif 
fusion of creatinine under conditions where there should be little 
if any loss of inulin from the tubular urine The mean urea/inuhn 
clearance ratio (14 observations) was also lower (035) than nor 
mal (o 56) In a second dog, the filtration rate was reduced but 
there was no evidence of bach diffusion as judged by the clearance 
ratios In both dogs concentrating power was moderately reduced 
Hayman, Shumway, Dumhe, and Miller found that uranium 
intoxication in dogs caused a marked decrease in the inulm, ere 
atinme, and urea clearances, with concomitant azotemia The 
renal blood flow, as calculated from the inulm and creatinine ex 
traction ratios m 1 dogs, was not materially reduced, confirming 
older evidence on this point which they review Studies were made 
during dehydration in order to evaluate concentrating capacity, 
the unne flow increased from the control range of 51 to 123 cc to 
the range of 148 to 663 cc/day after uranium Concentrating 
power was reduced (specific gravity 1 009 to 1 019), and pitressm 
lost its effectiveness The inulm/creatinine clearance ratio fell from 
1 o to o 8 or slightly below (because of the polyuria and hypos¬ 
thenuria the urea/inuhn clearance ratio is difficult to interpret) 
The authors conclude that the reduction of clearances is attnbut 
able to bach diffusion of all urinary constituents, and that tubules 
that are sufficiently damaged to permit any considerable bach dif 
fusion of creatinine will also permit, but to a lesser extent, the 
bach diffusion of the larger inulin molecule 

Bobey, Longley, Diches, Price, and Hayman 406 showed that 
uranium intoxication can practically abolish the tubular excretion 
ofdiodrast, the 'tubular extraction ratio’ (corrected for filtration) 
fell to zero and TrriD was reduced to low and even negatnc values 
The diodrast clearance was sometimes less than the inulm clear 
ance Again, the creatinine/inuhn clearance ratio fell below 1 o, 
in 1 instance to o 55, but no excessive decrease m the urea/inuhn 
clearance ratio was observed During extreme reduction of the 



756 ACUTE RENAL FAILURE 

inulin, creatinine, urea, and diodrast clearances, the renal plasma 
flow calculated from Enr and Ecr was not reduced. The authors 
suggest that, like creatinine, some of the filtered diodrast escapes 
from the tubular urine, explaining the negative values of Tied- 
As recover)’ from poisoning occurs, all clearances return to nor¬ 
mal, tubular excretion of diodrast recovering more rapidly than 
other functions, perhaps because the filtration rate remains per¬ 
manently reduced in consequence of vascular scarring. 

Laake im examined the effects of uranyl nitrate (0.12 to 0.75 
mg.) in rabbits. In surviving animals the inulin and diodrast clear¬ 
ances, Tmo and TmG, were reversibly reduced, maximal reduction 
occurring from the second to the fifth day. Recovery was effected 
in 10 to 18 days. Proteinuria and glucosuria usually occurred si¬ 
multaneously on the second or third day. There was no ketonuria. 
The author concludes that uranium impairs the function of the 
proximal tubule, and if the injur)' is sufficient it is accompanied by 
reabsorption of inulin and all other consti tuents of the tubular urine. 

The inhalation of dust containing uranyl salts in sufficient dos¬ 
age leads to renal injur)' in rabbits and dogs similar to acute 
uranium intoxication, with a marked decrease in diodrast excre¬ 
tion and decreased reabsorption of chloride. In extreme instances 
filtered diodrast was differentially lost from the tubular urine by 
back diffusion, as judged by the excretion of inulin. 1517 

After intravenous injection into rats, rabbits, and cats, roughly 
two-thirds of the dose of uranyl nitrate is excreted in the urine 
within 24 hr. About a fifth is taken up by bone and mobilized very 
slowly. Alkali administration appears to promote excretion, aci¬ 
dosis to retard it, but whether this is a renal effect is not demon¬ 
strated. 1104 

BAL, which is an effective antidote to mercury, arsenic, and 
other heavy metals that combine with —SH groups, does not af¬ 
ford protection against uranium 1545 and even sensitizes the renal 
epithelium to this agent, as in the case of cadmium. 1 * 45 

Uranium intoxication is accompanied by an increased excretion 
of amino acids, which can be detected quantitatively by deter¬ 
mining the amino acid/creatinine concentration ratios in ‘spot’ 
samples of urine. The test is apparently sensitive enough to have 
practical value in detecting early or mild intoxication. 11 *' 1714 
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There can be no doubt that in the uranium-poisoned kidney the 
renal blood flow remains essentially normal, and that all clear¬ 
ances including the inulin clearance are greatly reduced because of 
absorption through injured tubules. Diffusion no doubt plays a 
part in the absorptive process, but it is the difference in oncotic 
pressure between the tubular urine and the peritubular capillar)’ 
blood which leads to the gross migration of water, and with it all 
the urinary constituents, through permeable tubules. 

Partial ureteral obstruction also leads to loss of concentrating 
power and a tendency to polyuria during dehydration. Hayman 
and his coworkers liken ureteral obstruction to uranium poisoning, 
although during obstruction renal ischemia, not present in ura¬ 
nium intoxication, may contnbute to tubular injury. If the in¬ 
jury from ureteral obstruction is not too severe, tubular function 
recovers completely in a month or so.* 4 ' 

Tartaric Acid 

Salts of tartaric acid also exert a toxic action on the proximal tu¬ 
bule, the glomeruli being unaffected and the distal system show¬ 
ing but slight pathological changes. Nicholson, Urquart, and 
Selby m * have examined the effects of tartrate intoxication in one 
kidney by perfusing that kidney situ with the toxic solution and 
afterwards re-establishing the natural circulation. Tartrate intoxi¬ 
cation was accompanied by a reduction of the urea, xylose, cre¬ 
atinine, inulin, and phenol red clearances. The urea/creatinine 
clearance ratio was lower on the poisoned side than on the control 
side, but there seemed to be no consistent dissociation of the cre¬ 
atinine and inulin clearances. In the normal kidney excreting 
ferrocyanide, this substance could not be demonstrated in the tu¬ 
bule ceVts, but it is present m the cells of the proximal tubules, in¬ 
dicating injur)’ of sufficient degree to permit back diffusion of all 
urinary constituents. Chloride excretion was increased, but am¬ 
monia formation was not impaired. 

Mercury 

Mercury also produces necrosis of the proximal tubule. All por¬ 
tions are affected to some extent, but the greatest damage in the 
human, rabbit, or rat kidney is suffered by the lower portion. Ob- 
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nous injury to the distal tubule is rarely observed, even with 
lethal quantities of mercuric chloride, and if the thin limb is af 
fected it is not c> tologically observable because of the squamous 
nature of the epithelium m Severe intoxication with mercury* as 
with uranium and bichromate, induces glucosuna m Toxic doses 
of mercury can be antidoted by BAL T7 *’ 1 ss 

Organic mercurial compounds block the reabsorption of sodium, 
a circumstance which forms the basis for their use as diuretics 
The action of such compounds is discussed in chapter xxvn 

Bichromate 

Bichromate exerts a nephrotoxic action similar to that of mercury 
and uranium but affecting the early portion of the proximal tu 
bule In rabbits intoxicated with bichromate, Schou , * oa found that 
the creatinine clearance was reduced from the range of 12 to 13 6 
cc to the range of 1 3 to 4 3 cc , and the normal creatinine U/P 
ratio from the ranee of 250 to 303 cc to the range of 6 9 to 9 9 cc 
The frictions of filtered chloride and urea excreted were increased, 
but not that of glucose The creatinine U/P ratio under control 
conditions was reduced from high values to less than 10 Sulphate 
diuresis produced a smaller increase in unne flow' (1 6 to 10 o cc ) 
in intoxicated animals than m normal animals (75 to 163 cc.) 
The minimal creatinine U/P ratio during sulphate diuresis was 
reduced to 1 03, as compared with low values of 1 4 to 1 5 in nor 
mal animals, during diuresis the reabsorption of sulphate, urea, 
and glucose could be reduced to zero, though chloride reabsorption 
(at creatinine U/P ratios of 1 31 to 1 55) remained at 36 to 53 per 
cent 

It is of particular interest that in every instance the creatinine 
clearance increased in these intoxicated animals after the indue 
tion of sulphate diuresis (12 to 24, 13 6 to 2 r 6, r 3 to 7 2, 3 5 to 
S o, and 43 to 10 8 cc ), this increase is consonant with the as¬ 
sumption that the reduction in creatinine clearance following bi 
chromate intoxication is attributable in great measure to back dif 
fusion through the proximal tubules, and that during sulphate 
diuresis water and solutes including creatinine are to some extent 
restrained from back diffusion and earned into the bladder unne. 
The argument falls short of finality, however, because an increase 
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in glomerular activity when the extracellular fluid is greatly ex¬ 
panded by hypertonic sulphate solution cannot be excluded, the 
increase in filtration rate being very large in normal animals under 
these conditions (11.9 to 26.3, 7.6 to 16.3, 9 to 34.8, 12 to 22.5, 
etc.). 17 ”- 17 ” 

Tetrathionatc 

In the dog and rabbit, tetrathionate is rapidly reduced to thio¬ 
sulphate. Coincidentally there is a nephrotoxic action of such 
severity that complete anuria results within 30 to 60 min. after 
the injection of doses which, if injected as equivalent thiosulphate, 
would be wholly non-toxic. Rapid injury of the proximal tubule is 
apparently the chief renal lesion, degeneration involving even the 
nuclei within 30 min. The —SH enzymatic system appears to be 
involved. 7 " 4 

EXPERIMENTAL ACUTE ISCHEMIA 

Koletsky and Gustafson 1,47 have shown that rats generally survive 
bilateral clamping of the renal artery for periods lasting up to 1 
hr.* whereas animals rendered bilaterally ischemic for 2 hr. die in 
uremia before regeneration is effective. The majority of dogs sur¬ 
vive bilateral renal ischemia of 45 min. ,m 

A more informative procedure is that used by Koletsky and 
Dillon,* 14 " who clamped one renal artery in rats and, after 3 weeks 
to afford opportunity for regeneration of the ischemic kidney, re¬ 
moved the other kidney. By this technique, the mortality was o, 
7,40, 60, and 87 per cent after ischemia of 1.5, 2,3, 3.5, and 4 hr., 
respectively. If the ischemic period does not exceed 2 hr., the rat 
kidney can generally regain enough function to permit survival, 
but after 3 hr. of ischemia die chance of survival is reduced to 
about half. Pathological changes in the kidney are followed by 
rapid repair and at the end of a week the tubules are largely 
cleared of debris and lined by newly formed epithelium. Progres¬ 
sive renal atrophy then sets in, however, so that at 3 weeks the 
kidney, although completely repaired, is reduced to approximately 
one-half or one-third the normal size. This atrophic state persists 
indefinitely so long as the normal kidney remains in the body, but 
removal of the normal kidney leads to hypertrophy of the injured 
organ if the animal survives. 

Badcnoch and Darmady, 71 removing one kidney and simub 
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taneously clamping the other renal arter) in rabbits, obtained a 
mortality of 20, 60, and 100 per cent after clamping for 60, 90, 
and 120 mm , respectivel) 

Selkurt 1S *** 1S “ found that damping one renal arter) in anes¬ 
thetized (pentobarbital sodium) dogs was followed, after release of 
the clamp, b> a reduction in both the creatinine and PAH clear¬ 
ances in the damped kidne) Following 3 to 5 min of complete 
ischemia, these clearances returned to the control values within 
120 mm Following 10 mm of ischemia, recover) was incomplete 
within i^o min , the creatinine clearance returning to onl) 30 per 
cent of the control, the PAH clearance to 44 per cent Following 
20 min of ischemia, there was extreme oliguria or anuna for 2 hr , 
however, under mannitol diuresis, both dearances were found to 
have substantial, albeit subnormal, values at i75 mm Epah was 
onl> slightly affected b) 3 to 5 min , but was markedly reduced 
by 10 min of ischemia In the 20 mm experiments E PAn was o 118 
w ithout mannitol, and o 425 w hen mannitol w as used as a diuretic 

In simultaneous observations on PAH clearances and the 
measurement of renal blood flow' by a cannulation method, Selkurt 
found that the blood flow calculated from the unadjusted PAH 
clearance averaged 91 per cent of that measured directly After 
20 mm of ischemia, the total blood flow was reduced b) some 50 
per cent for 85 min or more, despite maintenance of arterial pres¬ 
sure, showing increased renal vascular resistance Epm was re 
duced from a control value of 074 * to o 56, the ratio of PAH 
clearance to total blood flow being o 30 at 37, o 53 at 58, and o 83 
at 85 mm after release of the clamp It appears that irreversible 
tubular injury is not caused b> 10 to 20 mm of ischemia, and that 
substantial recovery of tubular excretion can occur despite per 
sistent reduction in renal blood flow 

WtCh /anger periods of ischemia the hidne) /ost concentrating 
power, the creatinine U/P ratio at urine flows below 015 cc/min 
decreasing from an average of 336 to 126 The U/P ratio of PAH 
was corresponding!) reduced, consequentl) there was a marked 
correlation between both clearances and unne flow 

* These figures on Ep*u are low tn Selkurt s experiments because of d ffus on 
of PAH out of the red cell during centnfugat on the normal figure recorded bv 
h m being the same as that obtained b) Phil! ps et <;/'•“ for whole blood 
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Hamilton, Phillips, and Hiller m found that anesthetized dogs 
with the right kidney removed uniformly survived clamping of the 
left renal artery for 2 hr and some survived ischemia of 3 to 4 hr 
In dogs subjected to 3 hr. of renal ischemia the mortality was 
greater during a hot, humid summer than during winter. Death in 
uremia regularly followed longer periods of ischemia. After the 
clamp was removed, the urea clearance was extremely low, of the 
order of 10 per cent of normal, and marked nitrogen retention oc¬ 
curred. If recovery ensued, the urea clearance improved uniformly 
and eventually reached a normal value, although a month was 
sometimes required for it to do so. 

Though the total blood flow, as calculated from Ep A n and the 
PAH clearance, might return to normal immediately after re¬ 
moval of the clamp, more frequently it remained moderately re¬ 
duced, the average recover) at 90 to 120 min for all periods of 
clamping being 81 per cent. Efah and Ecu were not greatly af¬ 
fected by 20 min. of ischemia, but after 2 hr. of ischemia they were 
markedly reduced, Ep a ii from the range of o 90 to o 94 to 0.11 to 
o 43, and Ecu from the range of 0.19 to o 23 to 0.02 to o.i4.‘« 07 

Scheibe, Giraldi, and Vermeulen, 1777 using the development of 
azotemia as their index of renal injury', found that the renal vein 
can be occluded for 30 min. and the renal pedicle for 90 min. in the 
rat, or for twice these periods in the dog, without permanent renal 
damage. Damage was more rapidly effected by occlusion of the 
renal vein than of the whole pedicle, a fact which may possibly 
be explained by the presence of greater capillary pressure during 
venous obstruction. 

Semb ***• reports that during renal resection he has clamped the 
renal pedicle in man for as much as 1.5 hr., as a rule for 45 min. to 
1 hr., without evidence of permanent damage. Malm lin reports 
that in 1 case the renal vessels were clamped for 50 min. and some 
25 per cent of reml tissue removed. By the twenty-sixth day after 
operation this kidney had 50 per cent of the preoperative value for 
TmpAH. 

It seems to be general urologic opinion, however, that in man 
the renal pedicle should not be clamped for periods longer than 
30 mm. 
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HEMORRHAGIC SHOCK 

That a prolonged period of h> potension and shock can lead to ir¬ 
reversible damage of the kidne)s, so that death may ensue from 
uremia at a late date despite recover} from shock itself, was ob¬ 
served b) Rogers over 30 } ears ago in his classic studies of cholera, 
in which shock is caused by deh>dration The importance of this 
type of renal failure was recognized in World War II by By- 
waters 1,1 in connection with the crush s>ndrome, and has led to 
numerous studies of the renal circulation after traumatic injur} in 
animals and man 

Corcoran and Page 4,9 induced hemorrhagic shock in anesthet¬ 
ized dogs (pentobarbital) b} controlled bleeding, maintaining the 
arterial pressure at about 60 mm Hg for some 70 min , followed 
b} transfusion of blood and restoration of blood pressure, this 
c}c!e being repeated 2 or 3 times Diodrast and inulin extraction 
ratios were determined on dogs with one kidney explanted sub¬ 
cutaneous!}, the other kidney having been removed In other 
dogs renal denervation was performed 7 to 10 da}s before the ex 
penments The} found that during the period of h} potension the 
total renal blood flow, as calculated from Ed and the diodrast 
clearance, or Ei\ and the muhn clearance, was decreased Both 
clearances fell to zero or nearl} so at an arterial pressure of about 
60 mm Hg, and at a pressure of 60 to 70 mm Hg slight changes 
in pressure were accompanied by marked changes in renal blood 
flow and filtration rate During hypotension the true filtration 
fraction decreased, but it never fell below 7 o 05 * On restoration of 
artenal pressure to normal levels b} transfusion, the renal blood 
flow returned temporarily to control values without showing re 
active hyperemia, rather it generall} tended to decrease again 
During the period of hypotension and immediate]) after the 
restoration of pressure, Ed fell markedl}, in the first instance, the 
authors suggest, because of unequal distribution of blood and 
failure of perfusion in some nephrons, in the second instance be¬ 
cause diodrast accumulates in the tubules and interstitial fluid 
during hypotension On restoration of the blood flow this accu- 
* That the minimal perfusion pressure cannot be less in theory than the mini 
rial filtration pressure m a pe-meable s>stcm containing filtrate," such as the 
glomerular capillar) bed, has been pointed out m chapter xvm 
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mulated diodrast is added to the renal venous blood to such an 
extent as to produce a negative extraction ratio. Some of this ac¬ 
cumulated diodrast is also excreted with a fallaciously high clear¬ 
ance immediately after restoration of urine flow.* The creatinine 
and inuhn clearances, Corcoran and Page conclude on the basis of 
the identity of these clearances, continue as valid measures of the 
filtration rate in hypotension but, because of the marked changes 
in Ed, the diodrast clearance during and shortly after a period of 
hypotension bears no certain relation to the renal plasma flow. 

Repeated reduction and restoration of blood pressure by hemor¬ 
rhage and transfusion leads to permanent reduction of renal blood 
flaw. Because the same phenomenon occurs in dogs with de- 
nervated kidneys, the authors believe that this protracted is¬ 
chemia is attributable to the appearance in the blood of a vaso¬ 
constrictor substance or substances (neither adrenalin nor angio- 
tonm) related to shock. But how important this humoral factor is, 
relative to neurogenic vasoconstriction, in the production of the 
ischemia is not determined. They state that renal denervation ap¬ 
pears actually to retard and limit the restoration of renal blood 
flow subsequent to transfusion in the later stages of shock. 

Phillips, Dole, Hamilton, Emerson, Archibald, and Van 
Slyke ,,M found that rapid, massive hemorrhage in dogs anes¬ 
thetized with nembutal is accompanied by almost complete cessa¬ 
tion of renal blood flow as calculated from the PAH clearance and 
the extraction ratio, presumably owing to renal vasoconstriction, 
if the fall is below a level which may vary from 60 to 100 mm. Hg. 
If hemorrhage is not too great, the arterial pressure soon rises as a 
result of extrarenal vasoconstriction, and the renal blood flow is re¬ 
established but at a figure less than before hemorrhage. In this 
recovery phase, the kidneys appear to be favored at the expense 
of the rest of the circulation. The cycle of sudden hemorrhage, 
drop in blood pressure, renal ischemia, and subsequent partial 
restoration of blood pressure and renal function can be repeated 
two or more times in the same animal, until the limit of tolerated 
blood loss has been reached. Even then, restoration of blood pres¬ 
sure and partial renal function may be accomplished, at least tern- 

* The renal dead space introduces large errors in such experiments and mates 
their interpretation difficult. 
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porarily, by the injection of a volume of blood or plasma equal to 
only a fraction of what has been lost, apparently because reduc¬ 
tion of the volume of the vascular bed by peripheral constriction 
permits a small quantity of blood to restore an effective circulating 
blood volume- Where blood depletion persists too long, replace¬ 
ment of all the lost blood causes only a temporary' rise in blood 
pressure and in renal blood flow. Peripheral constriction is re¬ 
placed by peripheral dilatation and renal function fails again. 

In these experiments Ep*h remained at 0.87 to 0.84 until the 
renal plasma flow fell below 7 cc/min., or about 3 per cent of nor¬ 
mal. At lower renal plasma flows, Epah was reduced and the clear¬ 
ance no longer reflected the renal plasma flow, though the ab¬ 
solute error is slight because the total flow is so small. It is also in 
this range that Corcoran and Page observed a marked reduction 
in Ed- 

The true filtration fraction, as calculated from Ecr, did not de¬ 
crease part passu with decreasing renal plasma flow or with the 
sjstemic blood pressure. In fact, it sometimes increased when the 
renal plasma flow was falling, indicating predominance of efferent 
arteriolar constriction over afferent constriction, which was also 
marked. 

Ultimately, peripheral constriction fails to maintain systemic 
pressure and the renal plasma flow and filtration rate fall to low' 
values Renal failure may be reached even though the systemic 
pressure is still at a level of 60 to 100 mm. Hg. It is inferred that 
at this stage afferent vasoconstriction shuts off the renal circula¬ 
tion entirely in an effort to maintain the circulation to vital cen¬ 
ters. 

The effects of muscle trauma appear to be similar to those of 
hemorrhage, except for the absence of the early, transitory de¬ 
crease m blood pressure and renal function which accompanies 
rapid limited hemorrhage. The ultimate reduction of blood pres¬ 
sure that follows trauma proved to be less reversible than hemor¬ 
rhagic hypotension. 

The normally small oxjgen arterial-venous difference character¬ 
istic of the kidne) remains small in early hemorrhagic shock de¬ 
spite a marked decrease in renal blood flow*. Consequently, the 
oxygen consumption decreases almost in proportion to the renal 
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blood flow. This is in marked contrast to the rest of the body, 
which maintains its oxygen consumption, and hence increases the 
systemic oxygen arterial-venous difference as the cardiac output 
decreases. 531 

In standardized hemorrhagic shock induced by controlled bleed¬ 
ing in dogs under pentobarbital anesthesia, Selkurt im found that 
when the mean blood pressure was lowered to 60 mm. Hg the renal 
blood flow as measured directly by a cannulation procedure de¬ 
creased immediately to some 40 per cent of the control value, 
while reduction of pressure to 40 mm. Hg reduced renal blood flow 
to about II per cent of the control value. In both conditions, but 
particularly at the lower pressure, renal vascular resistance, as 
calculated from mean pressure and total renal blood flow, in¬ 
creased gradually, resulting in a further decrease in renal blood 
flow. Late in the 60 mm. period Epaii might be reduced to low 
values and might even become negative, i.e. the concentration of 
PAH in the renal venous blood might be greater than in the ar¬ 
terial blood. He attributes this phenomenon to the reabsorption 
of PAH from the tubular urine, but it may be explained, as Cor¬ 
coran and Page 419 suggest, by absorption into the renal venous 
blood of PAH accumulated in the interstitial fluid during the 
period of hypotension. During h> potension no urine is formed, 
even though appreciable quantities of blood are flowing through 
the kidneys. 

Upon reinfusion of blood there was an immediate, though not 
complete, restoration of renal blood flow. With a return of mean 
blood pressure to 70 to 80 per cent of the control figures, renal 
vascular resistance decreased to approximately the control value. 
E?at\ rose. toward, normal, but later decreased again to lower 
values. The creatinine clearance also remained reduced to a 
greater extent than would be expected from the existing blood 
pressure and renal blood flow. Although Selkurt believes that his 
observations indicate the back diffusion of creatinine, the alter¬ 
native explanation of reduced glomerular pressure may be in¬ 
volved. The creatinine U/P ratio was markedly reduced even 
during oliguria, as a result of either back diffusion or loss of con¬ 
centrating power. 
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TOURNIQUET SHOCK AND BURNS 

Allowing for the time factor and sequence of events, the changes 
induced in renal function by tourniquet shock in dogs are much 
the same as are observed after hemorrhage. Corcoran, Taylor, and 
Page «• report that, shortly after the application of a tourniquet 
to the leg at such a pressure as to stop venous outflow without 
blocking arterial inflow, the renal blood flow and filtration rate 
begin to decrease, and by 90 min. level off at about 25 P er cent 
the control values. The arterial pressure falls about 25 per cent 
and the hematocrit increases substantially, but neither of these 
factors appears to be responsible for the decreased renal function, 
which the authors attribute to renal vasoconstriction. During 
this period Ed is not reduced. On release of a tourniquet which 
has been in place for some 200 min., the blood flow may recover 
momentarily only to fall again to low levels if shock supervenes. 
If shock does not occur, a slow recovery is effected. With the de¬ 
velopment of shock, Ed falls to about 0.50. The infusion of blood 
during or after the application of the tourniquet does not materi¬ 
ally alter the course of renal events. 

In dogs with previously denervated kidneys the reduction of 
renal blood flow and filtration rate during and after the applica¬ 
tion of the tourniquet is less marked, but still to some 50 per cent 
of the control level. The authors inferred originally that nervous 
stimulation, presumably excited by pain, is responsible for some 
measure of the vasoconstriction, but that the major effect is in¬ 
dependent of the renal nerves, and is, by exclusion, of humoral 
origin. A peripheral vasoconstrictor substance was demonstrated 
in increased amounts in the blood in all animals except one, a hy¬ 
pertensive dog which showed only a slight depression in renal 
blood flow. This substance may be serotonin, a pressor substance 
associated in some way with the blood platelets. m4 - ,B5S Subse¬ 
quently, however, new experiments led Taylor and Page ,aJS to be¬ 
lieve that the renal vasoconstriction is mediated neurogenically 
during the onset of tourniquet shock, and that only the later vaso¬ 
constriction involves humoral factors. 

Eggleton, Richardson, Schild, and Winton iZ7 studied the effect 
of tourniquet application and crushing of the hind limbs of anes- 
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thetized (nembutal) dogs, the tourniquets being left in place for 
4 to 5 hr Immediatel) upon release of the tourniquet the arterial 
pressure fell and unne flow, which had been well maintained, 
ceased Restoration of pressure by gum acacia solution led to re¬ 
turn of urine flow , the creatinine clearance returned to only about 
one third of the control value Osmotic diuresis increased the 
unne flow and creatinine clearance but the latter did not return 
to normal The authors recognized several possibilities in the sc 
quence leading to reduced renal function, and believed that the> 
could exclude the following renal edema, tubular obstruction b> 
cast formation, closure of glomeruli, and poisoning of the renal 
tubule by humoral agents They believed that the) could exclude 
anoxic injury of the tubules because renal function was not im 
paired following 30 to 60 min of arterial h>potension (30 to 50 
mm Hg) or anuria induced by the intravenous infusion of hista¬ 
mine, and that they could exclude reduced glomerular pressure 
as a causal factor because post mortem the glomeruli were well 
filled with blood and in the post traumatic oliguric period the 
creatinine U/P ratio was low rather than high In their opinion no 
single hypothesis explains the oliguric state In the absence of data 
on renal blood flow during histamine infusion, these experiments 
do not argue too strongly against anoxic injury of the tubules 
However, it is difficult to explain why the creatinine U/P ratio 
should be low (9 to 14) in the oliguric period immediately after 
removal of the tourniquet This is the time when, by their evj 
dence (creatinine clearance), renal vasoconstriction has just set 
in and there should have been no time for injury of the tubules 
Admittedly, the oliguria in the experiments of Ecglcton and her 
cow or hers is difficult to understand, and the differences between 
their experiments and those of Corcoran, Ta\lor, and Page re 
quire reconciliation 

A reduction of renal blood flow in cats suffering from tourniquet 
and hemorrhagic shock has been demonstrated by Keelc and 
Siomc, ,m using direct or plethysmographic methods No func¬ 
tional data are reported 

Dziemian 1,1 reports that, in goats with severe third-degree 
burns covering about 50 per cent of the body surface, renal plasma 
flow, filtration rate, and glucose Tm may be markedlv reduced 
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In some instances renal function deteriorates progressively until 
death. In others an initial sharp decrease in function is followed by 
a return to normal or near normal values, only to decrease pre¬ 
cipitously before death, presumably as part of the antemortem 
debacle. Neither blood nor plasma infusions had any apparent ef¬ 
fect on renal function. 

The oliguria of ischemic compression shock in dogs apparently 
does not involve a humoral antidiuretic principle, since blood from 
the traumatized dog was not antidiuretic when transfused into a 
normal dog.“ M 

No one has reported persistent anuria with delayed death in 
uremia in experimental animals in which acute renal failure has 
been produced by hemorrhage, tourniquet, or traumatic shock. 
This fact may be attributable to the circumstance that experi¬ 
ments on traumatic shock in dogs have been of short duration (2 
to 3 hr. at the most), and this explanation may apply to tourniquet 
shock. As the data stand they suggest that the human kidney may 
be somewhat more sensitive to injury by functional ischemia, but 
a decision cannot be made on the available evidence. 

According to Olson and Necheles, 115 * severe thermal bums in 
anesthetized (nembutal), laparotomized dogs are followed within 
a few minutes by anuria, the extent of renal failure roughly cor¬ 
relating with the degree of intravascular hemolysis. However, a 
causal relation between hemolysis and renal failure was not dem¬ 
onstrated. Of numerous solutions tried, isotonic sodium sulphate 
solution was effective in yielding some urine in the anuric animals, 
doubtless because of its effectiveness as an osmotic diuretic. The 
mannitol and PAH clearances in burned animals injected with so¬ 
dium sulphate solution were reduced to low levels. The question 
whether cast formation could be prevented by sulphate diuresis 
initiated early in renal failure was not examined. 

TRAUMATIC INJURIES IN MAN 

Lauson, Bradley, and Coumand mi have reported an extensive 
study of the changes in renal function associated with circulatory' 
failure in man, a study which was part of a comprehensive in¬ 
vestigation of the circulation in shock carried out at Bellevue 
Hospital during World War II. The 35 patients studied included 
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skeletal trauma without shock, 3 cases, with shock, 11 cases, 
hemorrhage without shock, 1 case, with shock, 9 cases, peritoneal 



Ticure 136 Relationship between filtration rate and renal plasma flow In 
thu and succeeding charts, each point represents the average of several clear¬ 
ance periods on a single patient The diagonal lines define J per cent intervals 
of filtration fraction The majority of values from patients in shock (solid dots) 
fall below the normal mean in respect to both filtration rate and plasma flow 
The head injury cases, in spite of pjrcxia, tend to have a h gh filtration frac 
tion (Lauson, Bradlej, and Cournand ,,, 0 

inflammation, 2 cases (1 with necrosis of the lower colon and peri¬ 
tonitis resulting from 2 L> sol enema, but not in shock, and 1 in 
severe collapse from a strangulated hernia of 4 dajs’ duration), 
third degree burns, 2 cases, 1 with and 1 without shock, and head 
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injury, 7 cases, all of whom were in coma and died shortly after 
study- This group with head injur} was not in shock and stands in 
sharp contrast to the others 
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Figcke 137 Relationship between mean artenal blood pressure and filtration 
rate Mean artenal p-essure was obtained by plan metric integration of femoral 
pressure pulse tracings recorded by means of a Hamilton type manometer- In 
most shock cases, the decrease in filtration rate is greater than the correspond¬ 
ing decrease in mean artenal pressure. (Lauson, Bradley, and Cournand ul1 ) 

The filtration rate (fig 136) and renal blood flow were reduced 
in practically every case where shock was present, the reduction 
roughly paralleling the degree of shock (fig. 137). On the other 
hand, renal function in patients not in shock fell within the normal 
range- The filtration fraction in patients with shock was distrib¬ 
uted equally above and below the average normal value of 19 per 
cent. In 5 of the 7 cases of head injur}', the filtration fraction was 
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Figure 138 Relationship between mean artenaJ pressure and renal blood flow 
The diagonal lines indicate successive values, expressed in absolute units, for 
effective renal \ oscular resistance 

The normal range is approximately 4000 to jo,ooo absolute units In most 
shock cases, the points lie in zones of increased res stance, indicating renal 
v asoconstnction (Lauson, Brad!e>, and Cournan 1 ,nT ) 

The diagonal lines m figure 138 define \anous levels of fen'll 
Mscular resistance, computed is R *= Pm X 1332/remI blood 
flow m cc/sec * If the renal blood flow decreased m proportion to 
the reduction in blood pressure, the regression of JR would fall 
•The figure 1332 should be !3iS 
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within the normal range of 4000 to 10,000 absolute units On the 

contrary, most values representing patients in shock are found m 
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Figure 139 Relationship between cardiac output in i/min per sq m and 
the renal blood flow in cc/min per I 73 sq m body surface area Cardiac out 
put was measured by the direct Fick method. The diagonal lines indicate sue 
cessive values of the renal fraction, expressed as per cent, calculated on the 
basis of cardiac output per 1 73 sq m In normal man, under similar techmcat 
cond tions, about 15 per cent of the cardiac output flows through the kidneys 
(the normal basal figure is probably closer to 20 per cent) In most shock cases 
the renal fraction was considerably less than normal, indicating that as the 
cardiac output decreased blood was shunted away from the kidneys (Lauson, 
Bradley, and Coumand in7 ) 

zones of markedly increased renal resistance, indicating the pres¬ 
ence of renal vasoconstriction 

The relation between renal blood flow and cardiac output is 
shown in figure 139 Here the diagonal lines indicate increasing 
values of the renal fraction (the fraction of the cardiac output 
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BLOOD VOLUME CC/SQ.M. 


Figure 140 Correlation between blood volume in cc/sq m and the renal blood 
flow in cc/min per t 73 sq m of body surface area 
The correlation is improved somewhat b> the deletion of the 3 points in the 
lower right hand comer of the chart In the first (tnd cated b> the square), the 
last blood volume measurement was made more thin 3 hr liefore the clearance 
stud), and since the patients blood pressure and genera! condition had de 
tenorated during that time, it is probable that further 1 lood loss had occurred 
The second (indicated b) the solid triangle) had suffered from strangulates! 
hernia for 4 days and it is probable that toxic an 1 infectious factors in a Idition 
to loss of body water contributed to his collapse The third dot represents the 
initial observation on a patient in whom severe acute alcoholism mi) have 
caused a marked fall in l lood pressure m spite of the fact that the cardiac out 
put and blood volume were near normal Even including these 3 observations, 
there is a fair correlation between blood volume and renal blood flow (Lauson, 
Bradlej, and Coumand mJ ) 
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flowing through the hidnejs) In only one case where shock was 
present was the renal fraction greater than the average normal of 
19 per cent * This great reduction in renal fraction indicates the 
extent to which renal vasoconstriction shunted blood aw a) from 
the kidne) s to other parts of the bod) Here again the head in¬ 
juries present a marked contrast to shock, in these patients the 
kidne>s continue to receive their full complement of blood 

A priori, a correlation between blood volume and renal blood 
flow would be expected on the basis of the oligemic origin of trau 
matic shock Figure 140 shows that most of the \ alues representing 
patients in shock fall below the normal range of blood volume, 
though the correlation with renal blood flow is not as striking as 
in the case of blood pressure and cardiac output. 

The development of uncompensated acidosis during shock sug¬ 
gests a possible causal relationship to reduced renal function, es- 
peciall) m view of the alleged role of acidosis in renal injury in 
other forms of dehjdration 10,1 The lowest renal blood flow values 
were in fact associated with the lowest blood pH values, but the 
Bellevue study shows that marked reduction in renal blood flow 
can occur in the presence of a normal blood pH (fig 141) More¬ 
over, the renal blood flow is apparentl) reduced prompt!) follow¬ 
ing injury or hemorrhage, whereas acidosis due to organic acid 
accumulation depends on the duration and degree of shock, and 
renal blood flow maj be increased b) therapy while the blood pH 
continues to fall Hence Lauson and his coworkers conclude that 
acidosis is not the cause of the decrease in renal blood flow On 
the contrar), renal ischemia probabl) augments the acidosis re¬ 
sulting from widespread tissue anoxia, both b) removing the 
mechanism for fixed acid excretion and by removing a locus of 
organic acid oxidation 

Oliguria was observed in nearl) all patients with shock In some 
of the most severe cases, transient complete anuria occurred, and 
not until the general circulation had improved as a result of treat 
ment did the urine flow return to measurable values Anuria in 
shock appears to indicate almost complete arrest of the renal cir¬ 
culation, since unne is still formed when the diodrast clearance is 

•Th“ figure 19 per cent represents the average normal value used b> these 
investigators. A larger senes of determinations is discussed in chapter xrtl 
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of the order of 5 to io per cent of normal When mannitol was used 
as a diuretic, the U/P ratio of this compound remained rclati\e!> 
fixed (average T]) over a wide range of filtration rates, so that V 
was a linear function of the filtration rite (fig 142) Under these 
conditions the maximal unnarj concentration of mannitol is about 



Figure 141 Relationship between the pH of arterial Wood and the renal Wood 
flow Note that some eatrtmel> low Hood flows were associated with normal 
blood pH, a fact which {rccludes the possibility that acidos s is the pnmarj 
cause of renal ischemia m shock, (l-auson Bra l!c>, and Cournand **»*) 

4 to 5 per cent, which is approximate!) isosmotic with plasma, im 
pKing that the distal tubule has lost its concentrating power, * t 
since the quanm\ of mannitol dclnered to the tubules (at a 
roughl) constant plasma concentration) is proportional to the 
filtration rate, the unne flow will tar> with the mannitol load and 

•The authors incorrcctl} speak of this as the 1 rotting osmotic pressure of 
the urine. 

t The same relationship would result tf onl) a few nephrons were sense a~d 
if the mannitol set up osmotic d utes s in these few actvs e nephrons 
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hence with the filtration rate. In the absence of mannitol (t.e. 
where only inulin was used) there was no close correlation be¬ 
tween filtration rate and urine flow, except that low values of one 
occurred with low values of the other. 

Skeletal trauma and hemorrhage, when followed by shock, were 
accompanied by much the same changes in renal function. The 
tendency toward high filtration fractions after head injury has 
been noted. The data suggest that, in shock following burns, the 
filtration rate is maintained or is abnormally high, yielding a high 
filtration fraction which persists even when renal blood flow is 
greatly reduced. The impression is recorded that acute alcoholism 
complicating slight or moderate oligemia results in generalized 
vasodilatation which is reflected in the kidney by a lower filtra¬ 
tion fraction and larger renal blood flow than would be expected 
otherwise with similar levels of blood pressure. 

After the transfusion of blood or plasma the filtration fraction 
tends to increase. The filtration rate increases as the arterial pres¬ 
sure rises, but after a temporary increase the renal blood flow 
tends to remain low or to fall to still lower values. Although a re¬ 
duction in Ep*n as a result of prolonged reduction in renal blood 
flow cannot be excluded, the data suggest that renal vasocon¬ 
striction persists after restoration of blood pressure. In all cases 
examined several weeks after recover}-, both the filtration rate and 
renal blood flow had returned to the normal range. 

It should be observed that no cases of post-traumatic anuria 
were observed in this study, possibly because of the promptness 
with which therapy was instituted. No information is available on 
intravascular hemolysis, but it is reasonable to assume that there 
was as much intravascular hemolysis in the traumatic and burn 
cases studied by Lauson et al. as in other instances where post¬ 
shock anuria has supervened.* 

The investigation confirms the generally accepted view that the 
urinary changes in shock, namely oliguria or anuria and loss or 
impairment of concentrating power, are the result of renal is¬ 
chemia. This reduction in the renal circulation is of considerable 

• There is a remote possibility that the use of mannitol in clearance studies, 
which were usually initiated promptly after admission, may have reduced cas t 
formation through flushing of the renal tubules by osmotic diuresis. 
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importance for the maintenance of the sjstemic circulation For 
example, m one case of trauma the total blood v olume vv as reduced 
30 per cent below the av erage normal v alue, the cardiac output 
decreased from an estimated (normal) value of 530 htcr/mm to 
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FILTRATION RATE CC MINUTE 

Pigure I42 Correlation between rate of filtration and urine flow in all cases 
in which mannitol was used to measure the filtration rate Th s h gh degree of 
correlation is a consequence of the osmotic d urettc action of the mannitol used 
for measuring the filtration rate (Lauson, Bradlej, and Coumand Ult ) 

3 75 liters, a reduction of 29 per cent, at the same time the renal 
blood flow was reduced from an estimated (normal) value of 1000 
cc/min to 160 cc , thus a quantit) of blood equivalent to two- 
thirds of the reduction in cardiac output was made a\ ailable to the 
sjstemtc circulation b> renal vasoconstriction The mechanism of 
this \asoconstnction, whether neurogenic or humoral, is unde 
termmed It seems probable that both the renal s\ mpathetic fibers 
and adrenalin as well as other humoral factors plaj a part It is 
defimtel) to be concluded that, despite its autonom) under ordi 
nar) circumstances, the renal circulation in man is subordinate to 
the welfare of the bod> as a whole 
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In a smaller senes of patients examined at the Italian Front, 
Burnett, Shapiro, Simeone, Beecher, Mallorj, and Sullivan *** 
simtlarl) observed that after severe traumatic injury the filtration 
rate and PAH clearance are reduced, and in about the same pro¬ 
portion Significant reduction was sometimes present without 
clinical signs of shock A noteworthy feature of these data is the 
indication that, in the renal ischemia produced b) injurj short of 
shock, the proximal tubule remains uninjured, as judged b) 
Tmp A H This function was reduced substantial!) below normal in 
onl> 3 out of 11 patients studied One of these was classified ns 
having initially had severe shock, 1 moderate shock, and 1 had 
never been in shock In the remaining 8, TmpAH was normal or 
supernormal Tiupah was normal in 1 patient who was studied 20 
hr after wounding and while in severe shock, despite a low filtra 
tion rate (79 cc ) and PAH clearance (381 cc ) Recov er> of Tm PA H 
was observed in all 3 patients mentioned above, in 1 this function 
increased from 7 to 90 mg between the eleventh and the fort) 
ninth da) after injury, the PAH clearance increasing from 99 to 
688 cc In 9 out of 11 cases the Cu/Tmp A n ratio was normal or low, 
indicating functional reduction of glomerular activit) without par¬ 
allel injur) of proximal tissue 

One patient died in uremia 8 days after wounding, despite the 
fact that on the third da) the filtration rate was 89 cc, the PAH 
clearance 598 cc , and TmpAH 108 mg A second patient is stated 
to have died in uremia( ? ) 9 da) s after injur), despite the fact that 
16 hr before death the filtration rate was 64 cc , the renal plasma 
flow 356 cc , TmpAn 70 mg, N P N 99 mg/100 cc , and the unne 
output on the da) of the test 1558 cc 

The authors point out that the ability to produce a concentrated 
urine ma) diminish during shock and improve rapidl) over a 
penod of 3 to 7 da) s, unless renal failure is severe, when concen 
trating power ma) be impaired for man) da)s and remain low 
even after the filtration rate, effective renal plasma flow, and 
TmpAti have returned to normal 

Sanderson ,7 « reports one subject who was examined 24 hr 
after aortic embolectom) and 8 hr before death, at a time when 
the blood pressure was good but surgical shock was probablv im 
pending The filtration rate was 23 cc and the diodrast clearance 
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6o cc Another patient examined on the eighth da> after cne 
costomj for strangulation, with intestinal perforation, suhphremc 
abscess, peritonitis, and empjema, showed a supernormal inulin 
clearance of 174 cc and a diodrast clearance of 497 cc (filtration 
fraction = 035) The urine was consistent^ chloride free despite 
a normal plasma chloride (96 to no mEq/liter) The coincidence 
of a high filtration rate with abscess and other infection mav be 
noted (see ch x\m) A third patient suffering from postoperative 
dehvdration, external discharge of bile, peritoneal btliir) fistula, 
and peritonitis, examined l month postoperativ el> and 4 da>s be 
fore death, had an inulin clearance of 11 cc and a diodrast clear 
anceof76cc Although the blood volume w as probabl) marhcdlv 
reduced, there was little clinical evidence of dehjdration at the 
time of the examination, and Sanderson interprets the reduced 
renal function as indicative of damage incurred during antecedent 
dehvdration, associated with loss of base through the bilnrj dis¬ 
charge and consequent reduction of plasma volume A fourth pa 
tient with intestinal obstruction uncomplicated b> vomiting but 
with a marked reduction in blood volume showed an inulin clear 
inceof34CC and a diodrast clearance of 281 cc Twent>-one da>s 
after correction of the obstruction, these figures w ere 96 and 776 
cc, showing essentially complete restoration of renal function 
The author accepts the interpretation that reduced renal function 
in these cases is probablj attributable to renal vasoconstriction 
Wilkins, Culbertson, Burrows,Tinslc), Judson, and Burnett* 1 ” 
have shown that, when the legs of supine subjects were congested 
b) blood pressure cuffs inflated on the thighs at less than diastolic 
pressure for 10 to 20 min , there was usuall) little change in ar¬ 
terial pressure or pulse rate, and little effect on renal circulation or 
function However, 10 to 20 min after the release of the congesting 
cuffs there was a marked antidiuresis, a decrease (25 to 60 per 
cent) in renal plasma flow (PAH) and filtration rate (inulin, man¬ 
nitol), and a reduction of sodium, potassium, and chloride ex 
crction (as much as 60 per cent) In 10 to 20 mm the changes in 
renal circulation and electro!)te excretion had usual!) disap¬ 
peared, but the intidiurcsis persisted for at least 40 mm 
Similar renal functional and circulator^ effects followed venous 
congestion of the limbs of h)pcrtcnsivc subjects before and after 
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lumbodorsal sympathectomy, so that the effect is apparently not 
mediated by the sympathetic nervous system. The authors sug¬ 
gest that the venous congestion is pertinent to cardiac failure, 
where increased venous pressure may lead to venous congestion 
of the limbs (and of other organs), but the experiments quoted 
indicate that renal effects become manifest only when the con¬ 
gestion is relieved. 

CHEMICAL INTOXICATION'S 

Redish, West, Whitehead, and Chasis 18,5 report on a patient who 
developed 4 days of anuria and 5 days of oliguria during sulfa- 
thiazole chewing-gum intoxication. Two weeks after the onset of 
anuria and at the end of the oliguric period the mannitol clearance 
was 17.2 and the PAH clearance 14.6 cc.;Tm P * H had a negative(?) 
value of —1.1 mg. A week and a half later the mannitol clear¬ 
ance was 75.0 and the PAH clearance 220.4 cc., but Tmpm still 
had a negative ( ? ) value of —9.4 mg. Progressive recovery ensued 
until at about 8 months the mannitol clearance was 91.0 and the 
PAH clearance 586 cc., and Tmp A u 85.6 mg. The last two figures 
may be considered as normal, the first nearly so. The azotemia, 
which reached a peak of 214 mg/100 cc. NPN 5 days after the on¬ 
set of anuria, may be referred either to reduced filtration rate or 
back diffusion; the effect in either case is to reduce the net urea 
clearance. If back diffusion is accepted, the filtration rate and 
renal blood flow immediately after diuresis may, of course, have 
been considerably greater than the data indicate. 

Marshall and Hoffman report on 3 patients recovering from 
anuria; one, following postpneumonia shock, was oliguric for 10 
days; the second, following postpartum hemorrhage and shock, 
was oliguric for 5 days; and the third, following carbon tetra¬ 
chloride poisoning, was oliguric for 8 days. In all 3 the urea, man¬ 
nitol, and PAH clearances had very' low values in the immediate 
postoligunc period but recovered in a parallel manner to reach 
normal values, in the first 2 patients some time after 50 and before 
200 days, m the third within 2 to 3 months. As in the case studied 
by Redish et <*/.,“** the first 2 patients showed initially a nega¬ 
tive^) TmpAn (—6.1 and —3.1 mg.), but in all 3 this function re¬ 
covered to the mean normal value. Marshall and Hoffman accept 
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that the primary renal disturbance is protracted renal ischemia, 
and that the major renal defect so produced is injur) of the 
distal( ? ) tubule, leading to increased permeabilit) and bach dif¬ 
fusion of tubular urine. They note that at the onset of diuresis the 
urine still has a specific gravity close to j.oio, with low U/P ratios 
of all excretory products, a fact which the) attribute to the return 
of filtration in the absence of concentrating power in the distal 
tubule. 

Corcoran, Taylor, and Page 4,0 report on a patient suffering from 
inhalation carbon tetrachloride poisoning, with 4 da) 5 of oliguria 
In the first observation, made 6 da)s after the return of urine flow, 
the tnulin clearance was 5 8 cc. and the diodrast clearance 67.8 cc., 
Trap being 3.7 mg. Successise observations showed gradual re¬ 
covery of clearances, until on the 64th day after the onset of the 
intoxication, the mubn clearance was 128 cc > the diodrast clear¬ 
ance 649 cc , and Tmp was 65 mg, all normal figures Because of 
the abnormal!) low initial filtration fraction (0086) the authors 
suggest that renal edema, by increasing renal interstitial pressure, 
impeded the formation of glomerular filtrate 

Sirota 1,01 reports on 4 subjects with inhalation carbon tetra¬ 
chloride poisoning who suffered 2( ? ), 10,11, and 17 days of oliguria 
(fig. 143). Two of these showed a marked reduction of Ej> A h (o 034 
and 0.106) and of Eh\ (000 and 0045), and in total renal plasma 
flow (2.4 5 and 160 cc.) m the first observations made 1 to 1 weeks 
after the onset of oliguria. The other 2 subjects were less severely 
affected. Sirota concludes that late nnurn or oliguria in carbon 
tetrachloride poisoning, and the reduction of all clearances during 
the period of early diuresis, are the result of renal ischemia, tu¬ 
bular injury and back diffusion. He divides the rccoicrj process 
mto three phases The first starts with the cessation of ohgum and 
is associated with a continuing increase in plasma creatinine and 
urea concentrations in spite of diuresis. He bciic\cs that this 
initial phase of diuresis is a result of the re-establishment of selec¬ 
tive tubular impermeability or of a slight increment in fittration 
rate or a combination of both. The urine is dilute, contains pro¬ 
tein, pigmented casts and red blood cells, and has a specific gra> it) 
close to i.oio. The ability to reabsorb chloride is retained, as 
shown by chloride U/P ratios less than 1.0. But that proximal re- 
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DAYS FOLLOWING ONSET OF OLIGURIA 


Ficvre 143 Postohgunc recovery of renal function in 4 subjects with carbon 
tetrachloride intoxication Cessation of oliguria (300 ce/da) or less) occurred 
in F M on the tenth cb), in F H on the third dav, m H Z. on the eleventh 
dav, and in W M on the seventeenth day after intoxication (Sirota ,,J ) 
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absorption of sodium has been greatly diminished is indicated by 
inulm U/P ratios (1.38 and 2.51) far below the minimal value 
(8.0) typical of the normal kidney. This stage may last from z to 
8 days. The second phase is marked by a rapid decline in plasma 
creatinine and urea concentrations simultaneously with a rapid 
increase in clearance values, the latter reaching 40 to 70 per cent 
of normal by the 40th day. During this phase, albuminuria, uri- 
nary casts, and fixation of specific gravity disappear, and phenol 
red excretion, Epah, and Tmpui return to normal or near normal 
values. The third phase, starting about the 40th day, is associated 
with gradual increments in renal plasma flow and filtration, which 
reach low’ normal values between the 100th and 200th day. In this 
phase TmpAii may reach high normal or supernormal values, which 
subsequently decline to the expected norm as though there were a 
transient overdevelopment of tubular tissue The last function to 
return to normal is the ability to elaborate a maximally concen¬ 
trated urine. Because of greater variability in rcabsorption and 
rate of formation, plasma urea concentration during the develop¬ 
ment and recession of azotemia affords a poorer index of glomer¬ 
ular function than does the endogenous creatinine chromogcn 
level. 

There was no correlation between the speed of recovery and the 
duration of oliguria or the maximal plasma concentration of cre¬ 
atinine or urea in the studies above. The patient who suffered 
marked oliguria for 11 days recovered most rapidly, while the one 
who had questionable ohguira for z days suffered as severe renal 
damage as did 2 who were oliguric for 10 and 11 days. 

These studies were initiated during late oliguria and early re¬ 
covery. The fact that renal ischemia is present at this late stage 
throws no light on the initial cause of renal damage. Observations 
arc needed before the onset of vomiting and dehydration and be¬ 
fore oliguria appears. 

Sirota believes that the onset of anuria in acute rcml failure is 
attributable primarily to tubular damage and rcabsorption of all 
constituents of the glomerular filtrate. Tins initial tubular damage 
may be attributable to severe ischemia (shock kidney, excessive 
vomiting and dehydration), to primary nephrotoxic effects (car. 
bon tetrachloride, mercury' or uranium poisoning), or to a com- 
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bmation of both (crush svndrome, transfusion reaction). The is¬ 
chemia of late oliguna as observed in his carbon tetrachloride 
studies he attributes pnmanlj to the accumulation of inflam¬ 
matory edema and cellular spelling. 

The negative values for Thipah reported by sev eral investigators 
have been interpreted as indicating that not onl> is there failure 
of PAH excretion b> the tubules, but also some of the PAH w htch 
is filtered is lost from the unne One must infer from this that 
PAH is more diffusable through the injured tubule than is man¬ 
nitol or inuhn, but the inference is scarcely van-anted at this time 
since such small negative values for Tmpm might arise, in the 
complete absence of tubular excretion, from slight errors in the 
assumed value for plasma protein binding (FW) or in the measure¬ 
ment of the filtration rate Further data are needed before this 
point receives a final interpretation. 

POSTABORTJOV ANURIA, ETC. 

Humphre> and Jones ,0M report 4 cases of anuna following abor¬ 
tion Estimates based on two-thirds times the endogenous creati¬ 
nine chromogen indicate a reduction of the filtration rate to very 
lov» values in 1 patients for a penod of over 2 weeks, with rapid 
restoration to onl) moderately subnormal values within Z to 3 
weeks of diuresis The urine flow returned to normal (2 liter/dav) 
before the filtration rate. There was no evidence of intravascular 
hemolvsis on careful examination in 2 of these patients, and the 
histories indicate an uncomplicated vasomotor anuria 

Bade) and Rubenstein ’* report a case of cardiac resuscitation 
after 30 min absence of spontaneous heart beat. Renal insuffi- 
cienc) with uremia followed, with eventual recover)’ The authors 
attribute the renal damage to renal anoxia, but the patient had 
been transfused. 

‘reflex’ avuria 

Frequent reference is made in the clinical literature to ‘reflex 
anuna,’ especiall) in connection with ureteral catheterization or 
operative manipulation of the gemto-unnary tract. Reflex anuna 
has rarel) been observed following hundreds of bladder catheteri¬ 
zations and dozens of ureteral cathetenzations earned out b\ the 
writer’s colleagues When it did occur it was invariably rapid in 
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onset and disappearance.* Surgical manipulation of the kidneys, 
ureters, and adjacent tissues seems more apt to cause reflex stim¬ 
ulation of a degree to initiate clinical anuria, but it is questionable 
whether such reflex stimulation alone, without continuing irrita¬ 
tion or complication, can lead to persistent anuria. It consequently 
appears that anuria of sufficient duration to become clinically 
manifest rarely occurs as a response to acute reflex stimulation; 
the diagnosis is one of exclusion where renal disease, systemic dis¬ 
turbances associated with shock, infection, intravascular hemoly¬ 
sis, or continued irritation must be eliminated as initiating or per¬ 
petuating mechanisms. 


BACK DIFFUSION 

Selkurt ,M * and Phillips and Hamilton 1,87 concluded that the re¬ 
duction in Epui and E C n in the ischemic kidney is attributable to 
back diffusion through injured tubules, and oliguria to back dif¬ 
fusion of water. This interpretation is frequently placed upon 
other data by investigators concerned with impaired renal func¬ 
tion in man. It is apparent that the loss of normal tubular im¬ 
permeability, particularly of the distal system, establishes ap¬ 
propriate conditions for back diffusion if normal nephron archi¬ 
tecture, glomerular filtration, and peritubular circulation are pre¬ 
served. However, this combination of circumstances probably oc¬ 
curs only rarely. Moreover, the physiologic consequences of severe 
renal ischemia are difficult to distinguish from back diffusion ftr 


Reduction in Ep A n may result simply from loss of excretory 
power in the proximal tubule as a result of anoxia. Reduction in 
Ecu (and in urine flow) may result from reduction in filtration 
rate as a result of vasoconstriction and reduction in glomerular 
pressure, and will, of course, lead to azotemia. All these changes 
may occur without involving back diffusion. It is consonant with 
the evidence on the proximal rcabsorption of sodium and water 

•Ojidcn and Gaud no, m unpublished ohscnaticvs made in the »Wr'i lab¬ 
oratory, toed ureteral cathen/aticn in fema’e d^s and found that rc^ei renal 
wchtmia is much more easily msoVed in th s species than in man, apparent!} 
Presume of the arjde at which the ureters enter the h’ad Jcr. The mult* were *«> 
frequently bizarre that the technique was temporarily alunJered 
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to believe that, if the filtration rate is greatly reduced, water re- 
absorptson may continue in the proximal tubule to such an extent 
that very little unne will be delivered to the distal system. Indeed, 
proximal sodium and water reabsorption will be limited onh by 
the presence of osmotically active substances such as urea (most 
of which will diffuse bach), creatinine, phosphate, and sulphate, or 
artificially introduced substances such as mannitol or PAH. Os¬ 
motic (mannitol) diuresis will increase all clearances by retarding 
proximal reabsorption If the concentration gradient against which 
the tubular excretion of PAH occurs has some upper limit, 1 * 51 
proximal oliguna may decrease, and proximal diuresis may in¬ 
crease Ep\n- Continued reabsorption of sodium (and water) by 
the distal tubule will contribute to the oliguria; anoxic injury will 
impair the concentrating power of the distal tubule so that such 
urine as is formed will be isosmotic with the plasma. Under these 
conditions all U/P ratios will be relatively low' (perhaps no higher 
than 20) and all clearances wall vary with the urine flow' and be in¬ 
creased by osmotic diuresis. 

That Phillips et a /. 1 * 9 * found that Epah remains normal until 
the renal blood flow is reduced to 3 per cent or less of the normal 
value in acute experiments shows that there is no back diffusion 
of P\H at the onset of the renal ischemia associated with hemor¬ 
rhagic and traumatic shock. After protracted ischemia, lasting 24 
hr. or more, the situation may be different; degeneration of tubules 
may then permit selective back diffusion of small molecules or 
even gross reabsorption of tubular urine. 

There are only a few circumstances, apart from the action of 
nephrotoxic agents, in which the evidence conclusive!) points to 
back diffusion. Shannon and Winton observed in the pump- 
lung-kidney preparation that, as the urine flow’ decreased, the 
creatmine/mulm clearance ratio decreased from r o to 0.80 or be¬ 
low, and they attributed this to back diffusion of creatinine. The 
critical factors were apparently the U/P ratio of inulin, i e. the de¬ 
gree of concentration of the tubular urine, and the rate of urine 
flow.* The ratio was restored to 1.0 during urea or sulphate di- 

• Low unne Pows (high U/P ratios) were obtaired b> decreasing the perfu- 
s on pressure, and renal ischemia cannot be excluded as contnbating to tubular 
derangement. It is interesting that, among McCance and Widdowson’s UM $ 
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uresis Here one is inclined to plice the locus of the hick diffusion 
of creatinine in the distal tubule, where the U/P ratio is maximal 
and the rate of urine flow critical Back diffusion appears to occur 
in certain instances of acute nephritis, largel) during the hv- 
peremic phase, as indicated b) abnormall} low urca/inuhn clear 
ance ratios (Earle, pers com ), and in diabetic coma, 1 * 81 where 
both the urea and creatinine clearances ma> be low relative to the 
inulin clearance 

Govaerts notes, in the Festschriftfor Thomas /iddtsf* 1 that at 
the peak of intoxication with mercur} and bismuth in man and 
uranium and oxalate in the dog the urea/creatinine clearance 
ratio ma> have a value close to i o, indicating almost free per 
meability of the tubules During recov er>, the creatinine clearance 
increases more rapidl) than the urea clearance, indicating a phase 
where there is preferential back diffusion of urea with, doubtless, 
some loss also of creatinine and other constituents 

But until further data on simultaneous clearances arc available 
indicating differential diffusion of smatl molecules, back diffusion 
is more of a gratuitous inference than established fact The ul 
timate consequences of protracted renal ischemia on the one hand, 
and of back diffusion with a well maintained renal circulation and 
filtration rate on the other, mav be identical for the anuric pa 
tient, but the implications with respect to genesis and therapv are 
quite different It will, moreover, be difficult to distinguish back 
diffusion from the normal but excessive reabsorption of sodium 
and therefore of water in the proximal tubule under conditions of 
marked reduction in the filtration rate Experiments of Harrison 
and his coworkers 99 demonstrating continuing filtration and 
proximal rcahsorption in nephrons obstructed b> hemoglobin casts 
are cited later m this chapter 

Were back diffusion the onlv factor in oliguna, one would ex 
pect to observe a substantial blood flow accompanving the rc 
duccd extraction ratios of all substances Such is the picture pre 
sented b\ uranium nephrosis (- de supra), and it maj be noted 

pa ent* in d abet c cona the on!) ere that showed a iwidjI creattn re'W 1 a 
cleararce rat > ha 1 ] iw mul n U P rat os ("-* to "* 3) the ether 4 haj l I* 
rat <*» ra% "g frr.ni « to 314 Th s »c*dd md cate that th- d tti! tubvfe »* the 
»te of the back d ‘n.s.on 
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that this, like all other nephrotoxic agents so far studied, injures 
the proximal tubule and has little or no discernible effect on the 
distal tubule But the situation presented in experimental animals 
and man during oliguria stemming from shock, etc., is rather dif 
ferent The total renal blood flow accurately, calculated from ex 
traction ratios is general!) reduced, sometimes to ver> low levels, 
and functional ischemia appears to be the dominant factor The 
cause of this ischemia is at the moment unknow n 

HEPATORENAL VASOTROPIC FACTORS 

In connection with the discussion of shock it is valuable to note 
recent studies of vasotropic factors formed in the kidne>s and 
liver during hvpoxia In studies of the mechanism of shock. 
Chambers, Zweifach, Lowenstein, and Lee 1 " showed that hu 
moral agents pla\ an important role both in the earl) vasocon 
stnction which attends all forms of circulatory failure, and in the 
vasodepression which characterizes shock in its terminal and ir 
reversible state knowledge of these humoral agents, known as 
VEM (vasoexcitor material) and VDM (vasodepressor material 
or femtin), comes primanlj from observ ations on the spontaneous 
activity of the terminal muscular vessels, the meta arterioles and 
precapillanes, and on their threshold of reaction to adrenalin The 
organ chief!) used in these studies is the exteriorized mesoap- 
pendix of the anesthetized rat. The observ ations of these investi 
gators, and the subsequent studies of Shorr, Zweifach, Furchgott, 
and Baez, m *- l,ls have shown that VEM is formed in the 

renal cortex, while VDM is formed in the liver and to a lesser ex 
tent in the spleen and skeletal muscles The formation of both 
VEM and VDM in vitro is limited to states of reduced ox> gen 
tension, under aerobic conditions, VEM is inactivated bj the 
normal kidnej and VDM is inactivated by the normal liver The 
formation of VEM, which predominates in the peripheral plasma 
during the hvper reactive phase of shock, is presumablj initiated 
b) a reduction in oxygen tension m the kidnejs during severe 
renal ischemia and perhaps under other circumstances The forma 
tion of VDM, which predominates in the peripheral plasma during 
the late hvporeacme (irreversible) stage of shock, is presumably 
initiated b> a reduction m ox>gen tension in the liver during severe 
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hepatic ischemia, and perhaps under other circumstances. Roth 
phenomenon represent reactions of the Pasteur type analogous to 
the formation of lactic acid by normal tissue under anacrobiasis 
and its destruction by oxidation under aerobic conditions. Rut m 
the terminal and irreversible phase of shock, the hepatic mccha. 
msm for inactivating VDM undergoes deterioration, and hence 
YDM comes to predominate in the systemic circulation. It is bc- 



FicuRr 144. A schematic representation of the structural pattern of the capit. 
!ar> bed The distribution of smooth muscle is indicated in the \essel nail 
(Zweifach ***’) 


lieved that it is this circumstance which accounts for the irreversi¬ 
bility of tins terminal phase. 

When injected into the test animal, VEM increases the spon¬ 
taneous vnsomotion of the mcta-artcnoles and precapillanes, thus 
confining the blood more or less to the so-called ‘thoroughfare' 
vessels which communicate d.rcctly between the mcta-artcnoles 
and the venules, with minima! circulation through the true capil¬ 
laries (fig. 144). VDM, on the other hand, decreases the vasomo- 
tian of the meta-arterioles and prccap'dlarics and dilates the pre¬ 
capillary sphincters, thus permitting the blood to flow widely into 
the capillary plexus at a relatively high pressure. 

Until recently much of the study of these agents has been con¬ 
cerned with shock, but the appearance of one or the other of them 
in the blood in other circumstances (essential hypertension, ch. 
xxm; cardiac failure, ch. xxil; nephrosis, ch. xxvi) enhances 
their interest to the renal physiologist. 17ic interpretation de¬ 
veloped in relation to shock is that the initial reaction to blood 
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that this, like all other nephrotoxic agents so far studied, injures 
the proximal tubule and has little or no discernible effect on the 
distal tubule. But the situation presented in experimental animals 
and man during oliguria stemming from shock, etc., is rather dif¬ 
ferent. The total renal blood flow accurately calculated from ex¬ 
traction ratios is generally reduced, sometimes to very low levels, 
and functional ischemia appears to be the dominant factor. The 
cause of this ischemia is at the moment unknown. 

HEPATORENAL VASOTROPIC FACTORS 

In connection with the discussion of shock it is valuable to note 
recent studies of vasotropic factors formed in the kidneys and 
liver during hypoxia. In studies of the mechanism of shock, 
Chambers, Zweifach, Lowenstein, and Lee* 41 showed that hu¬ 
moral agents play an important role both in the early vasocon¬ 
striction which attends all forms of circulatory failure, and in the 
vasodepression which characterizes shock in its terminal and ir¬ 
reversible state. Knowledge of these humoral agents, known as 
VEM (vasoexcitor material) and VDM (vasodepressor material 
or fern tin), comes primarily from observations on the spontaneous 
activity of the terminal muscular vessels, the meta-arterioles and 
precapillanes, and on their threshold of reaction to adrenalin. The 
organ chiefly used in these studies is the exteriorized mesoap- 
pendix of the anesthetized rat. The observations of these investi¬ 
gators, and the subsequent studies of Shorr, Zweifach, Furchgott, 
and Baez, 1 ** 1 ,m have shown that VEM is formed in the 

renal cortex, while VDM is formed in the liver and to a lesser ex¬ 
tent in the spleen and skeletal muscles. The formation of both 
VEM and VDM in vitro is limited to states of reduced oxygen 
tension; under aerobic conditions, VEM is inactivated by the 
normal kidney and YDM is inactivated by the normal liver. The 
formation of VEM, which predominates in the peripheral plasma 
during the hyper-reactive phase of shock, is presumably initiated 
by a reduction in oxygen tension in the kidneys during severe 
renal ischemia and perhaps under other circumstances. The forma¬ 
tion of VDM, which predominates m the peripheral plasma daring 
the late hyporeactive (irreversible) stage of shock, is presumably 
initiated by a reduction in oxygen tension in the liver duringsevere 
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hepatic ischemia, and perhaps under other circumstances Both 
phenomenon represent reactions of the Pasteur type analogous to 
the formation of lactic acid by normal tissue under anaerobiasis 
and its destruction b> oxidation under aerobic conditions But in 
the terminal and irreversible phase of shock, the hepatic mecha 
msm for inactivating VDM undergoes deterioration, and hence 
VDM comes to predominate in the sjstemic circulation. It is be 



Figure 144 A schematic representation of the structural pattern of the capil 
lary bed The distribution of smooth muscle is indicated in the vessel wall 
(Zweifach *“») 


lieved that it is this circumstance which accounts for the irreversi¬ 
bility of this terminal phase 

When injected into the test animal, YEM increases the spon¬ 
taneous vasomotion of the meta-arterioles and precapillaries, thus 
confining the blood more or less to the so-called ‘thoroughfare’ 
vessels which communicate d<rectl> between the meta-arterioles 
and the venules, with minimal circulation through the true capil 
lanes (fig 144) VDM, on the other hand, decreases the vasomo¬ 
tion of the meta-arterioles and precapillaries and dilates the pre- 
capiUary sphincters, thus permitting the blood to flow widely into 
the capillary plexus at a relatively high pressure 

Until recently much of the study of these agents has been con¬ 
cerned with shock, but the appearance of one or the other of them 
in the blood in other circumstances (essential hypertension, ch 
xxiii, cardiac failure, ch xxn, nephrosis, ch xxvi) enhances 
their interest to the renal physiologist The interpretation de¬ 
veloped m relation to shock is that the initial reaction to blood 
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loss involves a reduction in renal blood flow sufficient to initiate 
the anaerobic process in the kidney, which leads to the formation 
of VEM. This agent, by augmenting the constrictor phase of 
vasomotion in the meta-arterioles and precapillaries, diverts the 
blood through the ‘thoroughfare’ vessels and restricts the blood 
flow through the capillary bed in a manner which sustains the ef¬ 
fective circulating blood volume- Thus, the passage of VEM into 
the blood stream leads to the development of a type of vascular 
hyper-reactivity favorable to the maintenance of an adequate cir¬ 
culation in the face of reduced blood volume. During this phase, 
recovery can be effected by transfusion. If, however, the shock is 
prolonged and hypotension profound, the renal blood flow is vir¬ 
tually abolished and there is no further release of VEM into the 
blood stream. The reduction in blood flow to the liver is now 
sufficient to initiate the anaerobic process which leads to the 
formation of VDM, and this agent eventually appears in the blood 
in sufficient amounts to dominate the terminal vascular bed. The 
effect of VDM is to depress vasomotion in the meta-arterioles and 
precapillanes and to dilate the precapillary sphincters, thus per¬ 
mitting blood to pass in excessive amounts into the capillary bed 
with the production of capillary congestion and irreversible re¬ 
duction m effective circulating blood volume. In this phase the 
animal cannot be saved by transfusion. It is perhaps significant 
that Frank, Seligman, and Fine 454 find that the maintenance of 
an adequate blood flow through the liver while the remainder of 
the organism is subjected to the deficient blood flow of prolonged 
hemorrhagic shock protects it from developing ‘irreversibility’ (a 
circumstance which may be related to VDM). This observation 
has been confirmed b> Cohn and Parsons. 181 

Under the dominance of VEM, blood is diverted from the capil¬ 
laries through the ‘thoroughfare’ vessels and capillary pressure is 
reduced, with the result that extracellular fluid moves back into 
the capillaries, leading to hemodilution (characteristic of the early 
phase of shock). Under dominance by VDM, the meta-arterioles 
and precapillary sphincters are dilated and capillary pressure is 
increased, leading to excessive filtration of fluid and hemocon- 
centration (characteristic of terminal stages of shock). 

VDM has been identified as ferritin, the protein moiety being 
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the effective agent ,4M VDM is antidiuretic and apparently acts 
through the neurohypophysis (Shorr, pers com ) 

THE ROLE OF HEMATOGENOUS CASTS IN RENAL FAILURE AND 
THE CONDITIONS OF THEIR FORMATION 

The Hematurias 

In renal failure associated with the excretion of blood pigments, 
hematogenous casts are rarely found m the proximal tubule or thin 
segment, * they first appear m the ascending limb of the distal 
tubule and increase in density in the distal convoluted tubule and 
in the collecting ducts In the presence of proteinuria, casts of 
albumin and globulin may form in these same segments Whether 
the appearance of casts in the collecting tubules implies further 
reabsorption of water there or merely deli) in precipitation after 
concentration in the distal convoluted tubule or, alternatively, dis- 
lodgment from the distal segment, is not known Casts may be 
present without evidence that they obstruct the flow of urine, but 
most investigators accept their presence as presumptive evidence 
both of obstruction and of local injury of the tubule wall 
Hemoglobin is the characteristic urinary pigment in trans 
fusion reactions, though some methemoglobin is generally present, 
and hemoglobinuria ,74S may accompany any circumstance in 
which, intravascular hemolysts occurs Sulfanilamide and other 
sulfa drugs cause hemolysis in some sensitive individuals, as may 
quinine in massive doses, the bites of certain snakes and spiders, 
the toxin of Clostridium welchu and arsine In blackwater fever, 
where intravascular hemolysis is associated with malarial m 
festation, the urinary pigment is chiefly methemoglobin Favism 
is a form of acute hemolytic anemia with hemoglobinuria, which 
is caused in sensitized persons by the ingestion of the green seeds 
of the fava bean or by the inhalation of its pollen It occurs most 
frequently on the island of Sardinia, and is fairly common in 
Sicily and in some districts in Italy A genetic factor apparently 
underlies sensitization Oliguria, renal failure, and death in uremia 
occasionally follow the hemoglobinuria in severer attacks 

An exception to th s statement is Bence Jones protein commonly associated 
w th multiple myeloma which also precipitates in the prox mal tubule . 1 ” 4 
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Intravascular hemolysis is now recognized as playing a role m 
renal failure associated with irrigation of the bladder mth dis* 
tilled water during transurethral resection of the prostate 151 “*■ 

1*09 1116,1273 

Paroxysmal nocturnal hemoglobinuna is characterized by he- 
moly tic anemia, with bouts of hemoglobinuna occurring mainly 
while the subject sleeps The primary abnormality lies in the red 
cells which are lysed by a thermolabile fraction of normal serum 
No cure for the disease is known, and the course is irregularly 
downhill over a period of 7 to 10 years, with death usually from 
intercurrent infection u, ‘ 

Paroxysmal cold hemoglobinuna involves a unique hemolysin, 
is associated with reduction of the surface temperature of the 
body, and in most instances is of short duration A ty pical attack 
may be induced by immersing the arms and legs in ice water for a 
few minutes (a procedure which in some patients may be dan 
gerous) Vasomotor disturbances of the Raynaud type are often 
present In one ty pe there is either clinical or serological evidence 
of syphilis, and antisy philitic therapy leads to cessation of the at 
tacks In another tv pe, in which syphilis is not mvolv ed, hemolysis 
is due to an increased susceptibility of the ery throcy tes to mechan 
ical trauma and is generally characterized by w vitro agglutina 
tion of the red cells on reduction of temperature (cold agglutina 
tion) 1,71 

Hemoglobinuria may also be associated, if infrequently, with 
postural proteinuria 

Myohemoglobmuna is an extremely rare disease in man, 118 it 
occurs frequently in work horses (paraly tic myohemoglobmuna) 
and renal failure and uremia may prove fatal 1,49 Haff disease is a 
similar condition in man caused by eating fish or eels poisoned with 
resinous acid wastes from the cellulose factories near Konigsberg 
It is characterized by paroxysmal attacks of pain, stiffness and 
limitation of motion of striated muscles, and my ohemoglobin 
uria 

According to Oliver, 1559 protein containing urine is a sy stem m 
which stabihtv is determined by equilibria involving (a) the con 
centration of electrolytes and urea, (b) the concentration and 
nature of the protein, (c) the pH, and (d) the concentration of a 
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non-dialyzable heat-resistant body (\-body), which may be chon- 
droitin sulphuric acid (see also Melohn et al i4, °) Increasing con 
centrations of electrolytes and urea and of the protein tend to 
maintain stability; increasing concentrations of H ions and of the 
x-body tend to promote coagulation The behavior of protein sys¬ 
tems toward the metachromatic reaction (familiar to pathologists 
as a shift in color with certain dyes, as for example toluidin blue) 
is analogous to their behavior m regard to coagulation Ortho¬ 
chromasia is the analog of dispersion, and metachromasia of co¬ 
agulation The coagula formed from protein and Ar-body are 
strongly metachromatic, coagula formed by heat and salts are 
orthochromatic 

Human hemoglobin does not agglutinate cells of the four mam 
blood groups There is, however, a strong pressor factor in un 
crystallized hemoglobin solutions 4 * In some instances where ad 
verse reactions have followed the administration of pigments, one 
may suspect the presence of pyrogens which will induce nausea, 
chills, fever, bach pam, and, more importantly, if the py rogenic 
reaction is a severe one, hy potension and transient renal failure 

It has been adequately demonstrated that purified, cell free 
homologous pigments can be administered in large quantities to 
normal animals and man ,m without producing any renal injury 
In addition to the studies cited in chapter vm, it may be noted 
that deNavasquez ^ observed that massive hemoglobinuria, even 
with an acid urine, might be non-injunous in man, and he failed 
to produce renal injury by the injection of large doses of this pig 
ment into normal rabbits Myohemoglobin m and methemoglo- 
bin m are not injurious to normal dogs, and myohemoglobin m 
and hemoglobin ” 607 *'* 7 are not injurious to normal rabbits From 
the early uorh of Mason and Mann 1414 and Reid, 14 * 1 it has been 
believed that the debris of lahed cells induces severe vasomotor re¬ 
actions and oliguria, but this view has recently been challenged 
by Maluf 1,78 (vide tnfrd). 

Cannan and Redish m prepared pure hemoglobin by crystalhza 
tion and administered it in man in single doses up to o 64 gm/hg 
with no evidence of adverse renal effects Amberson, Jennings, 
and Rhode 48 studied the effects of hemoglobin saline solution as 
a blood substitute and administered it in total quantities up to 
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Figure 145 An anomalous reaction to hemozlobitu The patient was a 60-vestr 
old woman suffering from rheumatic arthritis and hypertens on After 3 con 
trot studies she was given "on cc of hemoglobin-saline so’ution (l, gm hemo¬ 
globin) intravenous!} There was no obvious adverse react on, vet severe renal 
impairment resulted Recov erv to oncnnal function occurred onlv after 2 months 
At no time was o) guna present. In view of the general absence of injurious 
effects from the injection of hemoglobin in man and dogs, this reaction must 
be considered unusual (Ambcrson, Jennings, and Rhode ‘9 
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nearly 80 gm Such solutions were infused 77 times, and 7 cases 
received from 3 to 18 infusions Only twice (once in a case of shock 
and once following the injection of a pyrogenic solution) did 
oligurn occur In 1 subject, 4 determinations of the PAH clear 
nnce before infusion gave 1054, 993, 1208, and 955 cc On the day 
after infusion, values of 1222 and 1030 cc were obtained A second 
subject with rheumatoid arthritis and hypertension was studied in 
greater detail and showed adverse renal effects (fig 145) In 3 sets 
of observations before infusion, the mannitol clearance averaged 
86 8, 84 9, 72 6, the renal plasma flow 511, 523, 429 cc , and Tm D 
71 2, 63 6, 56 9 mg of todme Twenty four hours after a single 
infusion of 200 cc of non pyrogenic hemoglobin saline solution, 
these values fell to 24 9, 194, and 20, respectively Intermittent 
studies revealed that renal function recovered to normal levels, 
but 2 months were required for it to do so Amberson and his co¬ 
workers note that this severe and persistent impairment of renal 
function would not have been disclosed by observations on the 
nitrogenous elements of the blood alone It is particularly note 
worthy that the urine volume was well maintained throughout, 
rising somewhat in the first day and continuing thereafter within 
normal limits It is impossible to say what happened to bring 
about an adverse reaction in this patient It certainly cannot be 
attributed to hemoglobin per se, it possibly involved a vascular 
reaction with renal ischemia and reduction of filtration rate such 
as appears to be necessary for the production of protein casts, 
with hy posthenuria in the residual functional tissue 
Numerous investigations have been carried out (mostly on the 
rabbit, unfortunately) of the circumstances predisposing to ob 
structive cast formation, generally under the unwarranted as¬ 
sumption that cast formation is a necessary condition for the pro¬ 
duction of oliguria These investigations may now be reviewed in 
the light of what is known about the reaction of the renal circula 
tion to circulatory and other disturbances 
Baker and Dodds, 75 from experiments with rabbits (which are 
highly sensitive to psy chogenic renal vasoconstriction), concluded 
that hemoglobin and its derivatives, particularly methemoglobin 
and hematin, precipitated and blocked the renal tubules when the 
urine was acid (ammonium chloride acidosis), and they advocated 
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the administration of alkali to prevent this precipitation The 1m 
portance of an acid urine has not generalh been confirmed 
De Gowm and his coworkers/ 9 * m using dogs, believed that 
mechanical obstruction of the renal tubules could not explain all 
their deaths, and the} inferred the presence of a nephrotoxic factor 
causing necrosis of the tubular epithelium Neither group of in 
vestieators adequatel) controlled the state of hydration of their 
animals or measured the filtration rate 

\ uile. Gold, and Hinds rs7 found that to produce hemoglobin 
casts in rabbits it was necessarj not onl) to have the urine acid 
but also to induce a short period of renal ischemia or to administer 
sodium tartrate, which is known to injure the tubules Foj, Alt 
mann, Barnes, and Kondi * ,s suggested that ammonium chloride 
itself might be responsible for the renal lesion, a point supported 
by Gov an and Parkes 411 But Badenoch and Darmadj ** found 
that mechanical reduction of the renal circulation for a period of 
90 min , coupled with the injection of stroma free hemoglobin, led 
to a higher percentage of deaths in rabbits than either procedure 
alone 

Bvwaters and Stead 1,9 were unable to reproduce the renal ef 
fects of the crush sjndrome using rabbits whose muscles are 
virtuall} devoid of mjohemoglobin The injection of mvohemo- 
globin into normal rabbits was without effect, but fatal uremia 
was precipitated m 4 out of 25 acidunc rabbits, with varjmg de¬ 
grees of azotemia in 15 others Again neither dehjdration nor the 
toxic effects of large doses of ammonium chloride were controlled 
Renal injurj was obtained b> Bywaters and Stead 1,9 when mjo- 
hemoglobm was injected into rabbits after release of a standard 
ized leg compression, and Corcoran and Page/** although failing 
to obtain renal injur} of uremic degree with mjohemoglobin in 
normall} hydrated acidunc rats, succeeded in doing so in dehy¬ 
drated rats w hose legs had been crushed 

It seems probable that, in all the positive expenments reported 
abov e, a cntical reduction in filtration rate or urine dehv er) to the 
distal sjstem had been induced b> the experimental procedure 
(dehjdration during ammonium chloride acidosis, mechanical re 
ducdon of the renal circulation, sodium tartrate intoxication) and 
that cast formation is attributable to the excretion of picment 
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under conditions where the tubular reabsorption of sodium and 
water is very great Yorke and Nauss 5581 long ago emphasized 
that hemoglobmunc ‘nephrosis was most consistently obtained in 
rabbits during a period of hy potension, pointing, in the light of the 
present evidence, to the possible importance of reduced filtration 
rate More recently Lalich “*• 1190 1,91 has shown that dehydration 
and reduction of body fluids in this species predisposes to acute 
renal injury He believes, however, that an acid urine per se pos 
sibly promotes cast formation Lalich 1,91 has also shown that 
rabbits in which extensive tubular casts have been produced by a 
combination of dehydration and hemoglobin injection can, if they 
survive the acute phase of renal failure, withstand umnephrec 
tomy Examination of such excised kidney s reveals that pigment 
casts, tubular dilatation, and vacuolization of the epithelium re 
quire 34 to 116 days for their resolution 

Bing 179 obtained severe renal injury in unanesthetized dogs by 
the intravenous injection of crystalline methemoglobin (3 to 13 5 
gm ) if the animals were first rendered acidotic with ammonium 
chloride (blood pH 6 9 to 7 2), but again dehy dration was not con 
trolled Immediately after the beginning of the injection the ere 
atinine and PAH clearances began to decrease in a parallel man 
ner, falling to 10 per cent of the control value within an hour or 
so, and on the third day the animal was severely oliguric and di 
uresis could not be established with mannitol But despite this 
sharp drop in renal function, pigmented casts were never found 
in the urine Most animals were moribund on the third day and 
had to be sacrificed, but one survived 13 days during which time 
the blood urea rose from 16 to 170 mg per cent Tma was sharply 
decreased with other renal functions Histological examination of 
these kidneys revealed normal glomeruli, the proximal tubules 
showed hydropic degeneration and the distal tubules patchy areas 
of necrosis The collecting ducts were plugged with protein ma 
terial but not dilated, and some were calcified Pigmented casts 
were observed in the tubules of only 2 kidneys, from animals that 
had received 3 infusions of methemoglobin on successive days It 
may be noted, however, that in Bings positive results with 
methemoglobin in dogs, marked renal ischemia and reduction of 
filtration rate were present before the end of the injection or 
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shortly thereafter The cause of this renal shut-down is not known, 
but Bing s inference that cast formation is probabl) a sequel to a 
reduced filtration rate maj be affirmed The fact that an acid 
urine promotes the p-ecipitation of methemoglobm appears to be a 
secondary matter Infusion of methemoglobm into normal (non 
acidotic) doss had no adverse effects upon renal function but m 
genera! caused an increase in creatinine and PAH clearances De¬ 
pression of renal function was nev er observed and histological!' 
the kidne>s showed no injur) 

Crjstalbne hemoglobin (4 to 10 gm ) and m) ohemoglobm (47 
to 7 3 gm ) produced onlv a slight, transient decrease in clear 
ances in both normal and acidotic dogs, with no pathologic 
changes in the kidneys and no cast production Control studies 
showed that severe acidosis induced bv the injection oflactic acid 
or hydrochloric acid, or the oral administration of ammonium 
chloride, had no lasting effects on filtration rate or renal blood flow 
or on the structure of the kidne> The first two produced a tran 
sient drop in clearances which Bing believed was related to the 
formation of methemoslobin at the point of mixing of the strong 
acid solution with the blood stream 

Corcoran and Pagestudied the effects of m> ohemoglobm 
(beef heart) given intravenousi) to dogs in which the urine had 
been acidified by a high protein diet and the dail) administration 
of sodium dihjdrogen phosphate. In 5 out of 10 experiments the 
diodrast clearance increased slightlj, but in the average there was 
a slight (5 per cent) decrease, the muhn clearance, however, de 
creased bj near]) 30 per cent and Tmp decreased bj 50 per cent. 
Two or 3 dajs after injection the diodrast clearance was reduced 
while the inulin clearance and Tm D had improved but were still 
below the control values Some 2 weeks after injection these func 
tions became stabilized at slightl) sub-control levels In some ex 
penments TmD was less 48 hr after injection than it had been at 
a time when m>ohemoglobinuna had substantial!) ceased The 
degree of renal injury, as judged b) the reduction m Tmo, roughl) 
increased with the quantitv of m> ohemoglobm retained in the 
bod) M> ohemoglobm and metam)ohemoslobm could not be dis¬ 
tinguished b) their effects There were no deaths m uremia 

Hematin (23 7 mg/kg ), which proved to b“ quite toxic, caus-d 
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an immediate decrease in diodnst clearance and Titid, the inuhn 
clearance being unaffected at first, later this clearance decreased 
with further decreases in diodrast clearance, Tmu recovering 
slowly A larger dose (32 6 mg/kg ) of hematin caused both inuhn 
and diodrast clearances to fall to very low levels with ensuing 
oliguria, associated with shock and fatal termination , in 12 hr 
The dosage of hematin appears to be critically narrow 

Corcoran and Page suggest that the sequence of events is (1) 
filtration of pigment, (2) athrocytosis by the tubules and (3) con¬ 
version to methemoglobin or metamyohemoglobin in the acid 
urine of the distal tubule, and (4) degradation to hematin which, 
being difficultly soluble, is deposited and forms the nucleus for 
cast formation Since Titid is more markedly affected than the 
renal plasma flow, with intermediate effects on the filtration rate, 
they favor the theory that obstructive cast formation is primary 
and is accompanied b) some renal hyperemia (vicarious clearance) 
of residual functional tissue They believe that their observations 
show that renal ischemia is not present and plays no role in renal 
injur) * In so far as Tmo and the filtration rate are depressed 
proportionally, the> assume that the change in both is the result 
of tubular obstruction They give reasons for believing that the 
reduction of Tnio be) ond the degree of glomerular reductron is 
due to injur) of the proximal tubules by athrocytosis of the pig 
ment 

Corcoran and Page record data on 3 acidurtc dogs injected with 
hemoglobin In only 1 dog was renal function significantly 1m 
paired, the filtration rate decreasing to the range of 32 to 60 per 
cent of normal, which might have led to slight azotemia They 
state that the renal effects of hemoglobin are similar to those of 
myohemoglobin, but only in 1 dog did Tmp decrease markedly 
Their inference that the difference m effects is attributable to dif¬ 
ferences in the molecular weight of the two pigments is plausible, 
but Bing obtained complete renal failure with azotemia and cast 
formation m the collecting tubules with methemoglobin, which has 
the same molecular weight as hemoglobin 

Corcoran and Page report no data on NPN, but one surmises 

H * This may be true under the conditions of their experiments but it is not 
appl cable to circumstances where renal ischemia is known to be present 
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that, among their acidunc dogs injected with metamv ohemo- 
globin and m>ohemoglobm, onl> i (no 15-62) out of 11 would 
have developed detectable elevation of NPN, the decrease in fil¬ 
tration rate rarelv exceeding 20 per cent at an) time In on!) 1 of 
3 dogs receiving hemoglobin was the filtration rate reduced signifi¬ 
cant 1 ) The combination of m)ohemoglobin and acidosis did not 
produce renal failure in dogs, and one infers that it would have to 
be supplemented b) renal ischemia 
Fhnk 6U injected massive doses (4 to 6 gm/kg ) of hemoglobin 
into dogs and found just as severe renal damage during alkalmuna 
as during aciduria He found no difference between the effects of 
solutions of hemoglobin crystals and of l)sed red cells When the 
initial concentration of hemoglobin m the plasma exceeded 3 7 
gm/100 cc, or the average of 2 concentrations was over 2 2 
gm/ioo cc , renal insufficient alwavs developed But below these 
levels all dogs recov ered without an) signs of renal damage Renal 
damage was manifested b) azotemia, albuminuria, cast formation, 
and the excretion of relative!) large volumes of dilute urine An- 
una did not occur, although hemoglobin casts were found in the 
majority of tubules Flink’s results suggest obstruction of man) 
nephrons with h)posthenuna in the residual functional tissue. 
However, it must be noted that to secure renal injur) he had to 
obtain plasma concentrations of hemoglobin far higher than have 
been used b) other investigators or than ever occur in man 
Harnson, Bunting, Ordwav, and Albrink ** 8 obtained oliguria 
in dogs following intravascular hemol)Sis produced b) arsine and 
b) the injection of massive doses of hemoglobin and methemo- 
globm in sufficient amounts to give plasma concentrations of 1 
gm/icx> cc or more Immediatel) after the injection the en 
dogenous creatinine clearance fell to low figures, but the) failed 
to obtain evidence of a reduction in renal blood flow b) a cannula 
non method (This is evidence of obstruction of the tubules ) 
Methemoglobin proved to be more toxic than oxv hemoglobin 
The authors conclude that tubular obstruction is an important 
factor in the earl) reduction of kidnev function, the obstructing 
casts being chief!) methemoglobin in concentrated solution of a 
gel like consistenc) No evidence of formation of a pigment in 
soluble at the pH of the urine, such as hemochromogen or hematin, 
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was found. They believed that cessation of urine flow is attribut¬ 
able to the increased viscosit) of the tubular contents Necrosis 
of the proximal tubule was present as a late lesion, and they con¬ 
ceive that this injury is probably a contributing factor in the per¬ 
sistent severe depression of renal function B> means of the ferre¬ 
ty anide histochemical method, it was demonstrated that filtrate 
continued to be formed in obstructed nephrons, although there 
was no evidence that the tubules were sufficient^ injured at this 
stage to permit extensive back diffusion, the ferrocjamde failing 
to penetrate the tubule cells as it does in mercuric chloride poison- 
mg 

Maluf 1171 reports that lysed red cells, equivalent in quantity to 
a liter of blood in a 70 kg man, may be injected intravenously into 
normal, well hjdrated dogs without producing any sign of renal 
damage, even with an initial urinarj pH of 5 5 to 6 o Thus the 
role of stroma and cell fragments is de emphasized If, however, 
the dog is dehydrated until its urine flow is only o 006 cc/min per 
kg, Maluf finds that half this quantity of lysed cells leads 1m 
mediately to anuria or oliguria and uremia Where normally dur¬ 
ing oliguria the urine is concentrated, in this post-infusion reaction 
the urme becomes vety dilute, indicating either a marked shift in 
glomerular-tubular balance or rapid impairment of concentrating 
power in the distal sjstem 

Maluf finds that in hjdrated dogs lysed cells have no effect, as 
observed 24 hr later, on the filtration rate, PAH clearance, or 
Tmp A H However, m dehydrated dogs, in which the filtration rate 
and PAH clearances are somewhat reduced initially, the cells pre 
cipitate a post-infusion reaction in which these functions are re¬ 
duced to 1 per cent or less of normal Comparable amounts of 
lysed cells also produced renal failure and anuria with uremia in 
dogs which were in reversible histamine shock at the time of in 
fusion Renal denervation prior to infusion did not prevent this 
renal failure, and there was no evidence of renal edema When 
frozen sections were made of formalin-fixed material, many tu¬ 
bules in a field were found to be occluded by brown casts or crys¬ 
tals However, he found no evidence, by the injection of India ink, 
of a decrease in absolute renal blood flow in the anuric kidney or of 
diversion of blood from cortex to medulla, and he concludes that 
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renal failure under the conditions of his experiments is attributable 
to tubular obstruction by hemochromogen casts, cist formation 
requiring a reduced filtration rate He notes that patients to whom 
transfusions of blood are given are usually hypovolemic and suf 
fenng some degree of shock, and that one may assume the exist¬ 
ence of renal ischemia and reduction in filtration rate. 

CRUSH SYNDROME 

Bvwaters and other British pathologists 3111 drew at 
tention early in World War II to renal lesions in persons dying of 
anuria following crushing injury to skeletal muscle The ‘crush 
syndrome' is characterized by shock, azotemia, hypotension, and 
uremia, death in anuna ensuing up to 20 day s after injury The 
renal pathological picture has been called ‘lower nephron ne 
phrosis’ by Lucke, 1277 who stated that it was the most frequent 
form of fatal renal disorder encountered among military personnel 
during World War II and that it was present in 10 to 20 per cent 
of deaths resulting from all battle wounds He further suggested 
that ‘lower nephron nephrosis’ was a common end reached in 
many of the clinical disturbances listed at the head of this chapter 
as leading, directly or indirectly, to anuria He applied the terms 
‘lower nephron nephrosis’ because from his own pathological ma 
terial and descriptions of others he beheted that the distal tubule 
only was affected This conclusion appears to be inaccurate, how 
ever (vide infra) It was Lucke’s opinion that the lesions result 
from several factors acting in combination degradation products 
of hemoglobin or my ohemoglobin, tissue breakdown products, 
alteration of blood and body fluids, and shock and other dis¬ 
turbances w hich lead to renal ischemia and anuna 

In the light of the observations cited above on the renal blood 
flow in shock, Lucke’s emphasis on the role of renal ischemia in the 
genesis of renal injury is probably warranted in many instances 
However, the specific or quantitative role of renal ischemia re¬ 
mains to be defined In summanzing the literature on clinical an¬ 
una up to 1947, Corcoran and Page 420 4114,4 divided post trau 
matic anunas into two groups, those in which the pnmary lesion 
is obstruction of the renal tubules by hematogenous casts, and 
those in which the injury consists principally of necrosis of the 
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tubules They expressed the opinion that the underlying mecha 
msm m both types is renal ischemia which results in oliguria, and 
that this condition, associated with aciduria, predisposes to pre 
cipitation of protein in the renal tubules They noted that myo- 
hemoglobinuria and hemoglobinuria, which cause little injury 
under normal conditions, resulted in severe renal injury only in 
the presence of renal ischemia Thus considered, renal ischemia is 
important in the sequence of events leading to anuria, even where 
obstructive casts presumabl) are present 

By waters and Dible * s 117 and Mallory 1871 believe that all cases 
of true lower nephron nephrosis are associated with muscle in 
jurj or intravascular hemolysis, and that the precipitation of pig 
ment in the distal tubule and collecting ducts, though perhaps not 
the only factor, is a highly important one in causing anuria 

On the other hand, Foy, Altmann, Barnes, and Kondi, m 
Darmady, 487 Penner and Bernheim, 18 * 8 and Snyder and Culbert 
son m> lean heavily toward renal ischemia as an important, if not 
primary, factor The last named investigators state that shock 
was present in 94 out of 99 cases reported by them, and that the 5 
cases without shock were complicated by sulfonamide, crush in 
jury, or transfusion reaction However, they also emphasize the 
almost invariable presence of pigmented casts in necropsy speci 
mens Maegraith, Havard, and Parsons,” 68 confirmed in the be 
hef that renal ischemia is primary, forthrightly called the syn 
drome 'renal anoxia ’ 

Alternatively, Peters 1400 believes that increased renal inter 
stitial pressure is the sole cause of oliguria in the crush syndrome, 
an interpretation refuted by By waters and Dible s 8,7 observation 
that there is no significant renal edema in human crush syndrome 
victims when surviva\ is under 5 da>s Y*hen present the edema 
may be the result of the over enthusiastic administration of saline, 
and consequently is most likely tc make it« appearance late in the 
oliguric period 

Any opinion in this question is probably immature The prob 
lem of cast formation is obviously a complicated one The evidence 
indicates that all the pigments tried (with the exception of hem 
atin) are innocuous in normal animals in respect to both the 
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systemic circulation and the kidneys. Acidification of the urine is 
not sufficient to cause protein precipitation invariably, and w hen 
it does one may suspect the presence of one or more additional fac¬ 
tors. Casts have been produced experimentally most consistently 
in rabbits, in which the sympathetic system is highly labile IiS and 
in which acidotic diets, dehydration, or other circumstances may 
have reduced the filtration rate; in rabbits and rats whose legs 
have been crushed, and in dogs under conditions which reduce the 
filtration rate and upset glomerular-tubular balance. 

It is important that, in our present view, a marked reduction in 
the filtration rate, however caused, will establish conditions fa¬ 
vorable to increased sodium and water reabsorption in the prox¬ 
imal system. The distal load of sodium and water is thereby mark¬ 
edly reduced, water diuresis is blunted or absent, and the patient 
enters into a refractorv oliguna Under these conditions and before 
anoxic injury of the distal tubule occurs, the complete or almost 
complete reabsorption of sodium and water distally may lead to a 
maximally concentrated urine, favoring the precipitation of what¬ 
ever proteins may be present in the distal segment and collecting 
tubules. It is consonant with this view that acute renal failure is so 
frequentl) preceded by a recognizable or presumptive physio¬ 
logical debacle which involves circulatory insufficiency (frank 
shock need not be present) and/or increased sympathetic activity 
and/or allergic reactions (for which there is no functional evidence 
at present) which may reduce the filtration rate. Severe oliguria, 
issuing from the excessive reabsorption of sodium and water, may 
be anticipated whenever the filtration rate m a subject with other¬ 
wise normal kidneys is reduced to or below 7o cc/mm. per 1.73 
sq. m.—the figure is necessarily an approximate one. 

This tentative assessment of the importance of reduced filtra¬ 
tion rate in cast formation does not exclude independent tubular 
injury’ due to chemical poisons (carbon tetrachloride), the exces¬ 
sive athrocy tosis of hematogenous pigments (as suggested by the 
reduction of Tmo reported by Corcoran and Page after the in¬ 
jection of my ohemoglobin and metamyohemoglobin), or the toxic 
(vascular and tubular?) effects of hematin. When we supplement 
this interpretation with the fact that, as Harrison et d. Ka point 
out, colloidal pigments may obstruct urine flow simply by' their 



CRUSH SYNDROME 80 £ 

viscosity and without the formation of solid casts (although such 
soluble material may be overlooked in conventional methods of 
tissue fixation), the contradictions among various investigators do 
not appear to be insurmountable 
We cannot, however, assert that the sequence of events in ob 
structive anuria is to be wholly described by cast formation * The 
evidence is clear that protracted anoxia of the renal parenchyma, 
without any apparent possibility of cast formation, can lead to ir¬ 
reversible tubular injury If the evidence on experimental animals 
can be transferred to man, it indicates that, during clinically in¬ 
duced ischemia, irreversible renal injury may be effected b> com¬ 
plete cessation of renal blood flow in something between 3 and 4 
hr, and probably within 6 hr If the ischemia is incomplete, a 
mere trickle of blood, representing no more than 5 per cent of the 
normal circulation, may suffice to maintain vitality in large areas 
of the renal parenchyma, and the critical period may be longer, 
though how much longer no one knows But other insults, such as 
chemical intoxication, allergy, etc , may substantially shorten it 
It must not be overlooked that such deleterious factors may be 
present in crush injury, burns, and intestinal obstruction Renal 
ischemia of some degree accompanies all conditions of circulatory 
failure (shock, burns, etc ) and may accompany many other severe 
systemic reactions (infections, sulfa drugs, etc ), but the problem 
remains to determine the degree of this ischemia and extent of in¬ 
jury which it can inflict on the kidneys when it is clinically in¬ 
duced Secondarily, this exploration must be supplemented by an 
earlier and more rigorous search for evidence of intravascular 
hemolysis and pigment excretion 
Azotemia is generally attributable to decreased nitrogen clear¬ 
ance, chiefly urea, whether this decrease issues primarily from de¬ 
creased filtration, increased back diffusion, or tubular obstruction 
* Oliver 1 **® remarks, ‘Perhaps in part because of its lack of imaginative ap¬ 
peal, most clinical students have shied away from the obvious conclusion that 
fluid cannot flow readily through plugged conduits and searched elsewhere for 
their explanations of the oliguria or anuria It is certatnlj true that an oliguria, 
flue to lessened renal blood flow, might in certain cases well be the important 
antecedent factor in the causation of the coagulation, but the morphologist 
who depends on what he sees and what he can touch and fee! perhaps more than 
°n h gher intellectual means of perception, can only believe that, in the last 
analysis, water cannot flow through stopped pipes ’ 
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Since the reabsorption of urea normally increases markedl) at very 
low unne flows, oliguna per se will p’-omote the accumulanon of 
urea, and antecedent oliguria of several dars’ duration should be 
care full* considered wheney er there has been even moderate * om 
iting or diarrhea. If hematemesis is present, azotemia may result 
from increased protein metabolism e\en in the absence of reduced 
renal function/** 1 and increased protein metabolism maj be con 
tnbutory in other conditions *** 

PATHOLOGY or THE AN URIC KIDNEY 

Gross Pathology 

It is probable that there is no characteristic change in the gross 
appearance of the anunc kidney 4 **- u ~* Man} obseners describe 
an enlarged, swollen, pale, or mottled kidne), the capsule is 
smooth and strips with ease, and on section the cortex maj be 
somewhat widened and everted, oozing dear or slightlj blood\ 
fluid, especially after 5 dais or more of anuna In contrast to the 
pale cortex, the medulla mav be purplish and dusk), with prom 
inent stnations Lucke and Bvwaters and Dibit 11 mention a 
distinct white stripe in the inner zone of the cortex in some cases. 
To what extent these changes have an) pathogenic significance is 
questionable, since the great bulk of reported cases were examined 
after ^ or more da\s of sur\i\al and following various therapeutic 
procedures, many of which included o\ er h)dration and saline in¬ 
fusions, yyhich alone ma) account for the renal ed**ma 

Microscopic Pathology 

The pathological picture associated with crush injuries and other 
forms of acute renal failure was not studied extensjyeh before 
World War II, although seieral descriptions existed m the Ger¬ 
man literature Attention was drayyn to the dmical and micro¬ 
scopic features of the crush s)ndrome during the earl) y ears of the 
yyar by Bywaters and Beall 1,1 and others In 1946, Lucke re 
viewed 53S fatal cases associated with renal failure ensuing from 
various injuries (battle wounds, crush injuries, heat stroke, fal 
ciparum malaria, blood transfusion reaction, poisoning, etc.) r ' 7 
and first used the terms ‘low er nephron nephrosis’ because of his 
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impression that the degenerative and necrotic changes were lo 
cahzed in the distal tubule 

The microscopic picture, as described by Luche and most ob 
servers, is as follows 

Glomeruli 

There is a general agreement that the glomerular tufts are normal 
in appearance Their vascularity, however, is sometimes dimin 
ished The capsular spaces are nearly always filled with a faintly 
eosinophilic, granular substance and are rarely dilated Whether 
this material consists ofl) sed epithelial cells or protein is not clear, 
its presence is interpreted by some 117 ,i77 as indicating increased 
permeability of the glomerular capillaries At times there appears 
to be cuboidal swelling of the normally flat parietal epithelium of 
the capsule, most marked near the mouth of the tubule 

Proximal Tubule 

The changes in the cells lining the proximal tubules are variousl) 
described as cloud) swelling ** 771,71 earl) degenerative changes 
or intense catarrh 17 Actual necrosis of these cells is rarely de¬ 
scribed In comparison with other parts of the nephron the proxi 
mal changes are considered minimal Many of the lumina contain 
an amorphous precipitate similar to that in the capsular spaces, 
and some contain detritus and masses containing recognizable cell 
membranes Pigment casts are very rare It is impossible to as 
certain from the literature a quantitative estimate of proximal 
tubular casts i e whether they are present in all the tubules the 
majority of tubules, or are present in scattered individual tu 
bules 

Thin Segment 

This segment is normal in appearance, although there may be 
mild catarrhal changes The eosinophilic precipitate seen in the 
proximal tubule is present also m the thin segment No pigment 
casts are recorded 

Ascending Limb of Henle and Distal Tubule 
It is because of the marked changes found in these segments that 
the term lower nephron nephrosis has remained in vogue Char 
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actenstically, there are scattered, focal areas of patchy distribu¬ 
tion showing varjing stages of degeneration, necrosis, and re¬ 
generation of the tubular cells- Frank degeneration is seldom seen 
before the fourth da>. From the fifth day onward the remnants of 
necrotic portions of tubules may undergo complete disintegration 
and disappear Regeneration occurs by proliferation of epithelium 
that has escaped irreversible injury, new cells creeping beneath the 
dead lining, which becomes detached and is cast off into the lumen 
where it further disintegrates. Within less than 10 days most 
damaged areas are completely rehned. Sometimes there is over¬ 
growth and plication of the new epithelium, with a striking con- 
certina-like appearance. 

There may be some distention of the lumma, especially where 
they are adjacent to large veins. This bulging into the vein may 
lead to tubuiovenous rupture, with non-obstructive venous 
thrombi at the site of rupture.** 1 Rupture of the tubules also occurs 
into the interstitium, with surrounding inflammatory reaction. 
Tubuiovenous and tubulointerstitial rupture are generally seen 
after the fourth day, and are most frequent in the boundary zone 
of the medulla, w here the thick ascending limbs of Henle are in in¬ 
timate relation with the vasa recta. 

The interstitial tissue shows numerous small scattered foci of 
inflammation surrounding areas of degenerated and necrosed tu¬ 
bules and their protruded material. At first Ijmphocv tes and his- 
tiocjtes predominate, but at later stages fibroblasts make their 
appearance. When survival exceeds a week, the destroyed pa¬ 
renchyma maj be replaced b> scar tissue. Edema is inconstant 
and rarely severe. 

Casts found in these segments are generally of two t) pes: hvahn 
deposits, similar to those seen in the capsule and in the proximal 
tubule, and pigment casts. The thick ascending kmb contains 
many hyalin casts, although mixed casts or pure pigment casts are 
not infrequent in this region. Pigment casts become more nu¬ 
merous in the distal convoluted tubules and collecting ducts. 
They are benzidine positive, but give a negative reaction for iron 
and are generally considered to be derivatives of myohemoglobin 
or hemoglobin. Pigment casts are rare before a to j da>s ir: (which 
may reflect a slow process of solidification of a viscous gel). Both 
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hyalin and pigment casts tend to form around particulate matter, 
such as degenerated epithelial cells or crystals They present every 
variety of form from ribbon like strands to hollow cylinders, they 
may be granular or clear, but are generall) smooth and solid in 
texture Casts ma> be entirelj absent from the distal tubule 1277 
Where survival exceeds 7 days, leukocytic infiltration of casts 
occurs, the pus filled tubules almost resembling pyelonephritis, 817 
although the inflammation is apparently aseptic 

Collecting Tubules 

Pigment casts are most prominent here The cellular changes are 
similar in nature to those in the distal tubule, but opinion differs 
on the extent of cellular damage Luch 6 reports an almost normal 
appearance of the distil tubule cells, while others 817 468 describe 
intense necrotic and regenerative changes 
It is possible that, in an effort to find a broad anatomic clissifi 
cation for lesions which appear similar clinically, there has been 
too much emphasis put on the ‘lower nephron ’ It is unfortunate 
that this term has for some writers come to signify a disease 
entity—there is no such disease as ‘lower nephron nephrosis ’ It 
would appear that, in animal kidneys subjected to clamping of the 
renal artery, the proximal tubule is the first to show injury , 1148 1872 
ms 1777 1821 changes in the distal tubule occurring later and possibly 
to some extent as a result of cast formation which may itself issue 
from proximal injury Human kidneys coming to necropsj are of 
course likely to reflect 4 days or more of anuria, when distal cast 
formation and damage therefrom have reached their peak 
From his study of teased, intact nephrons from humans dying 
in acute renal failure and dogs dying from hemorrhagic or trau 
matic shock, Oliver has been led to discard any specific localiza 
tion, in the lower nephron or elsewhere (pers com ) He reports 
scattered focal lesions, with destruction of the entire tubular wall 
including the basement membrane, throughout the entire length 
of the nephron and in some conditions, particularly in burns, these 
lesions are more pronounced in the proximal tubule than the dista 
tubule By and large, their distribution is irregular and random 
The kidney of acute renal failure does not represent a true nel 
phrosis, such as occurs in mercury or uranium intoxication where 
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every nephron in both kidneys is similarly and equally affected 
with no destruction of the basement membrane, and it would 
seem appropriate to reserve the term nephrosis for such bilateral, 
uniformly dispersed injury. 

On the basis of available evidence it would seem that the prob¬ 
able sequence of events in acute renal failure is as follows: wide¬ 
spread, scattered tubular damage (ischemic, allergic, nephrotoxic) 
affects any or all segments of the nephron; the accumulation of 
casts in the distal tubule and collecting ducts (the site of greatest 
concentration of the urine) exaggerates the injury to these seg¬ 
ments, and leads to tubulovenous or tubulointerstitial rupture. 
Thus the lesions in the distal system are more evident and more 
frequently reported by most observers. No constant pathological 
picture has been observed, nor is it to be expected in a variety of 
circumstances where uncomplicated renal ischemia, renal edema, 
pigment casts, and nephrotoxins (carbon tetrachloride) contribute 
varying elements to the renal debacle. It would seem better to de¬ 
scribe the lesions in such kidneys as they are observed, rather than 
to attempt to categorize them under a convenient and frequently 
misleading label. 


TREATMENT OF ANURIA 

The treatment of anuria should be conservative. If circulator}' 
failure is present, appropriate steps should be taken to correct it. 
Otherwise therapy is limited to the balanced maintenance of the 
patient until the kidneys have a chance to effect recover}’. Ac¬ 
cording to the available evidence, if renal ischemia is complete, 
tubular injur}’ from which the patient cannot quickly recover may 
be effected within the first few' hours of the anuric period, and 
hence before the existence of anuria is recognized. Admittedly, it 
is possible that complete ischemia rarely occurs in man and that 
the critical period may be substantially longer, perhaps up to 24 
hr. or more, but renal ischemia can persist for some hours after 
the restoration of blood pressure. In any case, it is likely that the 
damage has been done when the anuria is clinically discovered, 
and if so the only therapy available is to maintain the patient's 
well being by supportive and prophylactic measures through such 
time as is required for the kidneys to undergo reconstitution. 



TREATMENT OF ANURIA 


811 


11 is now widely recognized that a serious mistake of the past has 
been the zealous over administration of fluid on the theory that 
the anuric patient was ‘dehydrated/ but in simple dehydration un¬ 
complicated by circulatory failure or renal injury, the kidneys ex 
crete some 500 to 700 cc/day of a highly concentrated urine 
Oliguria or anuria implies a functional renal shutdown or severe 
renal injury, and in the presence of either it is impossible to pump 
water or sibne through the ischemic or blockaded organ by in¬ 
jecting fluid into the vascular bed It is easy to expand the body 
fluids to such an extent as to produce dangerous pulmonary edema 
and perhaps to promote the formation of renal edema Strauss 2019 
notes that, before the use of parenteral fluids, completely anunc 
patients were reported as surviving 3 to 4 weeks, 1 for 5 weeks, 2 
for 6 weeks, and 3 for 7 weeks, whereas more recent reports show a 
50 per cent mortality within the first 6 days He believes it htghly 
unlikely that renal insufficiency sc in man would lead to death 
within such a brief period The implication is that the admimstra 
tion of excessive parenteral fluid has increased short period mor 
tahty by the production of pulmonary edema Nothing in the ex 
perimental evidence indicates that renal denervation after anuria 
has developed would be of value, a conclusion supported by clin 
ical experience Decapsulation, despite some enthusiastic sup 
porters,* is not recommended by others 4,0 20,4 2103 and has been 
widely abandoned with the increasing recognition, first, that in 
many instances the renal edema which decapsulation is supposed 
to relieve is the result of over administration of saline and, second, 
that spontaneous diuresis is likely to occur at just about the time 
when decapsulation is resorted to * Although the artificial kidney, 
peritoneal dialysis, replacement transfusion, and intestinal lr 
rigation are possibly useful m some instances m supporting the pa 
tient through a critical period of uremia, the indications for their 
use are not clearly defined They cannot in themselves induce 
diuresis and their value in influencing the course of acute anuria, 
usually a self-limited disturbance, defies critical evaluation Since 
* In this connection it is of interest that in one instance bilateral decapsula 
tion was followed by exudation of large quantities’ of fluid into the abdominal 
cavity (from which it was removed by a Penrose drain) for a period of 7 days 
This fluid was presumably renal interstitial fluid seeping from the exposed 
cortices w « 
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each method involves an inherent physiological burden, the ap¬ 
plication of any of them may handicap rather than promote spon¬ 
taneous recovery 04 -“ s 

The most notable aspect of this problem is the remarkable ca¬ 
pacity of the renal parenchyma to reconstitute itself after dev¬ 
astating injure. The clinical instances cited above show that, in 
patients in whom the total renal blood flow is but a few cc/min., 
the process of filtration is practically abolished, and the tubules 
are so severeh injured as to have lost all excretory capacity, pos- 
sibl> to have lost their normal impermeability and even in many 
instances their ph\sical continuity, the renal parenchyma slowly, 
over a period of i to 2 months, substantially reconstitutes itself 
and in a few more months returns to normal function, leaving in 
some instances no detectable defiat. But no measure is known that 
will restore a phvsiologically ruined kidney except time and the 
organ’s intrinsic reconstitutive power. 

Over the period of 7 days to 2 weeks in which this reconstitution 
must begin, the patient should be supported by the minimum of 
fluid required to offset insensible and uncontrollable water loss. 
The figure of 700 cc/day to cover insensible loss comes from data 
quoted bv DuBois,* 4 * showing that in a large number of normal 
and diseased subjects observed at an average temperature of 22 
to 25 0 C. and 30 to 50 per cent humidity, insensible water loss 
averaged 700 gm/day. In theory, one might deduct from this 
figure some 200 to 300 gm. for water of metabolism, but it is safer 
to leave a margin of safety’. If fever, vomiting, diarrhea, or hot 
weather increases water loss, an equivalent amount must be added 
to the figure above. 

Protein combustion should be kept at a minimum by the oral 
administration of sufficient fat and glucose to meet minimal 
ealone needs (1500 to 2000 calories/day) in order to reduce en¬ 
dogenous protein combustion, and acidosis, if present, should be 
corrected by the judiaous intravenous administration of hyper¬ 
tonic (5 per cent) sodium bicarbonate, or the administration of 
this salt by mouth. (Lactate and citrate may be poorly’ oxidized 
in patients in shock, and indeed acidosis may be largely' the result 
of failure to oxidize this 3nd other acids.) In general, it seems wiser 
to restrict sodium and fluids in the face of a mild to moderate 
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acidosis, the dangers of which are less than those of possible ex 
pansion of extracellular fluid volume and resultant pulmonary 
edema The urine in oliguria of renal failure is generallj quite acid 
and cannot be made alkaline by the administration of bicarbonate, 
and therefore cannot be used as an index of acidosis On the other 
hand, excess alkali presents a real danger Sodium should be re 
stricted and potassium absolutely excluded, retention of the for¬ 
mer leading to water retention when otherwise water might be ex 
creted, and retention of the latter possiblj leading to cardiac 
death 1,7 801 *°* m #4S U7S ,m 14,3 ,S,J 18571,55 *° 14 .* 019 *° 82 Notable sue 
cess has been achieved b> Bull, Joekes, and Lowe MU in the treat 
ment of patients with anuria of highly varied origin, utilizing an 
extremely conservative regime 

Burwell, Kinney, and Finch * #J point out that, whereas diuresis 
following anuria tends to occur between 7 and 10 days, with a 
mode at 9 and 10 days, there is also a second peak of deaths (in 
their limited data) on the tenth day They associate these two 
facts in the belief that when urine flow is resumed the urine ap¬ 
proximates the glomerular filtrate in composition, notably in re¬ 
spect to the fact that there may be an inordinate loss of (sodium) 
chloride, which may itself be deleterious Thorn 3070 has reported 
hypochloremia during the initial diuretic phase, and pointed out 
that the administration of sodium chloride in large amounts at this 
time may be indicated to compensate for this excessive loss Such 
therapy should, however, be utilized only in the face of demon 
strated sodium loss, otherwise salt administration will invite pul 
monary edema and contribute to delayed deaths 



CHAPTER XXV 


The Juxtamedullary Circulation 


In the discussion of the anatomy of the kidney (ch. i) we have 
noted signal differences between the nephrons in the outer two- 
thirds of the cortex and those in the inner or juxtamedullary zone, 
particularly in respect to the fate of the postglomerular blood. To 
reiterate briefly, the efferent arteriole of a typical cortical glomeru¬ 
lus breaks up into a capillary plexus which enmeshes the ad¬ 
jacent proximal and distal tubules, while the efferent arteriole of a 
juxtamedullary glomerulus proceeds as a single large trunk into 
the medulla to form the vasa recta which loop back sharply and 
empty, like the cortical capillary plexus, into an interlobular or 
arcuate vein. The vasa recta are juxtaposed almost exclusively to 
the thin segments, which, with the collecting tubules, predominate 
in the medulla. The cardinal features of the cortical and juxta- 
medullary circulation are illustrated in plate n (ch. i). In con¬ 
structing this illustration we have followed closely the careful 
anatomical studies of Trueta, Barclay, Daniel, Franklin, and 
Prichard, iau which supplement the earlier descriptions of Peter ,m 
and other anatomists. 

Trueta and his colleagues find that under circumstances (tour¬ 
niquet shock, etc.) inducing extreme vasoconstriction of the renal 
arterial tree the circulation in the rabbit may be largely or wholly 
diverted from the cortical to the juxtamedullary glomeruli. After 
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the application of a tourniquet to one of the hind legs of a rabbit 
for 4^4 hr, the femoral and iliac arteries undergo marked con 
stnction, the mesenteric arteries remaining unaffected This ar¬ 
terial constriction is reflex in origin, and the) report that it can 
be induced b> stimulation of the central end of the cut sciatic 
nerve or the distal end of the divided splanchnic nerve and can be 
prevented b) splanchnic section Under these conditions the in 
tensity of vasoconstriction varies radially through the kidney the 
interlobular arteries and the cortical glomeruli are rendered is¬ 
chemic while the juxtamedullary glomeruli remain under per¬ 
fusion India ink and other substances injected into the renal 
artery stain the juxtamedullary region and the medulla, but not 
the cortex 

More than local cortical ischemia is implied, for it appears that 
the juxtamedullary arterioles may themselves be dilated The 
renal artery to renal vein circulation time of radio opaque sub 
stances, as measured by rapid angiographic methods, is sigmfi 
candy reduced, and it is asserted that a stream of arterial blood 
may appear in the renal vein, or that the whole of the renal venous 
blood may become arterial in color,* and that the arterial pulse 
may be clearly visible in the vein, indicating that dilation within 
the juxtamedullary circuit is so great as to constitute a virtual 
arterial venous by pass 

Tms medullary diversion can be elicited by trauma and nerve 
stimulation, by severe, rapid hemorrhage, by the administration 
of adrenalin, pituitrin, and pitressin in large doses, and, in sus 
ceptible animals after a latent period of about 24 hr , by staphylo¬ 
coccus toxin It is postulated that juxtamedullary diversion is a 
physiological mechanism involved m reflex anuria, the anuria as¬ 
sociated with incompatible blood transfusions, crush injury, 
blackwater fever, etc , the renal ischemia of tourniquet shock and 
the ischemia induced by fright or adrenalin, as well as in the anti 
diuretic action of pitressin and the genesis of essential hyper¬ 
tension 

* The renal oxygen arterial venous difference in man is normally so small 
(07 to 20 cc/100 cc) that the d fference in color between arterial and renal 
venous blood is imperceptible and blood samples must be clearly marked in 
order to distinguish them 
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In some instances the vasomotor pattern may be reversed; i.e. 
in animals m which the splanchnic nerves have been divided prior 
to the application of the tourniquet, the vascular bed of the cortex 
may be dilated and that of the medulla constricted. Although 
diversion of the blood from the cortex to the medulla is the most 
frequent pattern, there is considerable variability of reaction, and 
indeed it is difficult to provoke complete reflex cortical ischemia 
consistently. Under apparently identical conditions the phenom¬ 
enon maj entirelj fail to occur. These investigators believe that 
normally the greater part of the blood passes through the cortex 
and that significant diversion from cortex to medulla occurs in¬ 
frequent!} in the quiescent state. 

It should be emphasized that these workers by their careful in¬ 
jection methods failed to obtain evidence of arteriovenous anas¬ 
tomoses m the normal kidney of any species. They specifically 
deny Spanner’s m * observations and state that he probably mis¬ 
took certain coiled arterial twigs for such anastomoses. Direct 
arterioles to the tubules, such as arteriae recta verae and Isaacs- 
Ludwig arterioles, they attribute to degenerative canalization of 
glomeruli as a result of prolonged or repeated juxtamedullary di¬ 
version 

Trueta and his colleagues believe that the zasa recta present a 
capacious route by which blood may be diverted from the arterial 
to the venous side of the kidney during cortical ischemia without 
exposure to parenchyma other than the thin segment and collect¬ 
ing tubules that comprise the medulla. 

An abundance of evidence is available which appears to refute 
this interpretation in man, and probably in the dog Consideration 
of this evidence requires a brief restatement of the functions at¬ 
tributed to various segments of the nephron. On the positive evi¬ 
dence of Marshall, 1 *** Chambers and Kempton,” 5 Cameron and 
Chambers, 111 and Forster (pers. com.), the proximal segment, 
which appears to be homologous in all vertebrates, is the site of 
tubular excretion of phenol red and other substances that undergo 
tubular excretion, whereas the distal tubule, at least in tissue 
culture, is not involved in tubular excretion. 112 -” 5 By equation of 
their mutual interference in tubular transport, phenol red, d’o- 
drast, and PAH are excreted by the same cells and same segment. 
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No evidence can be adduced that the thin segment of the loop 
of Henle can excrete PAH or other substances The cytological 
structure of the epithelium of this segment argues against such a 
view, and the presently accepted interpretation, based upon the 
evidence of electrolyte and water excretion, is that the thin seg 
ment is interposed between the proximal and distal tubules to 
promote the osmotic equilibration of the urine before the latter 
enters the distal system for the final and critical operations ef 
fected there (ch xi) 


OBSERVATIONS ON MAN 
Normal Renal Circulation 

It follows that for the complete clearance of PAH all the blood 
must in effect be presented to proximal tissue Accepting, for the 
purposes of discussion, the functional interpretation placed upon 
the juxtamedullary circulation by the Oxford investigators, such 
blood as exclusively perfuses the juxtamedullary glomeruli and the 
lasa recta is not presented to proximal tissue and therefore must 
remain uncleared of PAH In chapter vi we have cited the observa 
tions of numerous investigators which show that the extraction 
ratio of PAH (and diodrast) in the normal human kidney ranges 
from o 88 to ioo and averages o 91 Some of the renal arterial 
blood must perfuse non excretory tissue such as the capsule and 
perirenal fat and the lining membranes of the calyces and pelvis, 
any reasonable allowance for these inactive channels leaves a 
negligible or zero volume to be accounted for as passing (un 
cleared) through the juxtamedullary glomeruli 

Senescence 

Trueta and his colleagues suggest that, in elderly normal persons, 
protracted or repeated Juxtamedullary diversion leads to canahza 
tion of glomeruli by degenerative vascular changes, with a con 
sequent reduction in filtering surface and in the filtration rate 
The studies of Davies and Shock 4 ” (ch xvu) show that there is in 
fact a reduction in filtration rate with advancing age in man, but 
tubular tissue also degenerates, as shown by the progressive re¬ 
duction in Tmc, with no significant change in the CiN/Tmn ratio 
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The effective renal plasma flow also suffers progressive decrease, 
the ratio Cd/Tuid decreasing significantly in the older age groups. 
Our interpretation of these data is that with advancing age the 
entire renal parenchyma, glomeruli and tubules, undergoes senes¬ 
cent degeneration in a closely parallel manner, the renal plasma 
flow suffering a somewhat greater decrease because of arterio¬ 
sclerosis or other vascular changes. If aglomerular nephrons exist 
in the senescent kidney, they are not sufficiently numerous to 
make themselves evident in these careful functional studies. 

Essential Hypertension 

The Oxford investigators have advanced the hypothesis that di¬ 
version of blood through the juxtamedullary circulation plays a 
role in the genesis of essential hypertension by rendering the renal 
cortex ischemic and thereby initiating or permitting the formation 
of a renal pressor substance. However, if a conclusion can be 
reached in this complicated problem, the evidence cited in chapter 
xxhi exculpates the kidneys in the genesis of essential hyper¬ 
tension. Moreover, the data on the extraction ratio of PAH, also 
cited in that chapter, show that this value is not reduced in hy¬ 
pertensive subjects until the disease has made serious inroads upon 
the renal arteriolar bed. Where the Oxford workers found the 
largest number of canalized glomeruli in the kidneys of hyper¬ 
tensive subjects (a circumstance that should reduce the filtration 
fraction and the extraction ratio of inulin), the facts are that in 
essential hypertension the filtration fraction is generally elevated, 
sometimes extraordinarily so, by the production of impotent 
nephrons. The few data available on the renal oxygen arterial- 
venous difference”* do not indicate arterialization of the renal 
venous blood. We must, therefore, dismiss juxtamedullary diver¬ 
sion as in any way responsible for the genesis of this disease. 

Adrenalin 

Trueta and his colleagues elicited juxtamedullary shunting in the 
rabbit by the intravenous administration of adrenalin in doses of 
o.i to 0.17 mg/kg., and they suggest that the reduction in ef¬ 
fective renal blood flow produced by physiologic doses of adrenalin 
in man is in part attributable to this phenomenon. Reubi and 
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Schroeder 1689 report that adrenalin (o 5 to o 8 mg ) administered 
subcutaneously to man produced no significant change in Epar in 
the majority of subjects, the greatest decrease was 11 4 per cent 
The oxygen arteml-venous difference decreased in 2 out of 5 in 
stances, but not simultaneously with a decrease in Epah Similar 
results were obtained with subcutaneous histamine (o 5 mg ) in 3 
subjects, no changes occurring in E P ar or Ein 1898 Dog expen 
ments were inconclusive, but the authors conclude that substantial 
diversion cannot be elicited in man by physiological doses, or in 
dogs by larger doses of these drugs In 2 experiments reported by 
Breed, Maxwell, and Smith,” 0 EpAn remained constant after the 
administration of 1 o mg of adrenalin (o 5 mg subcutaneous and 
o 5 mg intramuscularly), confirming the observations of the St 
Louis investigators 

6 Syncope 

Werho, Bucht, and Josephson 2,70 found no change in Epah during 
the renal ischemia induced by tilting The oxygen arterial-venous 
difference increased rather than decreased during tilting 

Antidiuresis 

Trueta et al accept, as was proposed some years ago by Frey * 97 
and utilized by Fuchs and Popper 724 as an explanation of water 
diuresis, that diversion of blood through the juxtamedullary cir 
cuit plays a role m antidiuresis, since they obtained cortical is¬ 
chemia by massive doses of pituitary extract in rabbits 
Corcoran and Page 411 found that m dogs pitressin in very large 
doses (8 to 100 milhunits/min ) over protracted periods increased 
the total renal plasma flow in 5 experiments (+16 to 90 per cent) 
and decreased it in £ (—5 to 22 per cent) with no effect in an 
eleventh test Ein increased by 19 to 91 per cent in 4 experiments, 
decreased by 10 to 31 per cent m 5, and showed less than 10 per 
cent change m 2 The direction of change was not related to dos¬ 
age, but the largest increases in Ein coincided with the largest de 
creases in total renal plasma flow, whereas the instances where 
Ein decreased coincided with the greatest increase in plasma flow 
lu those experiments where Ein increased or showed no change 
(6 out of 11) if blood was diverted through an extraglomerular 
circuit or through canalized glomeruli, a great increase in extrac 
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tion ratio must have occurred in residual functioning glomeruli 
The fact that in those instances where Ei\ decreased, suggestive 
of diversion, the filtration rate remained unchanged or increased 
substantially, argues against a shunt 
The extraction ratio of phenol red was decreased bv pitressm 
in onl> 4 out of n experiments, when it was reduced b> 28 to 45 
per cent, coincidentl) wnth marked increases in plasma flow, but 
m these instances the filtration rate increased from 2 to 34 per 
cent If the decrease in Epr was the result of diversion, it is diffi 
cult to see whv the filtration rate should increase 

In onlj 3 out of the 11 tests did Epr (—45, 28, and 3^ per cent) 
and Ei\ (—31, 10, and 24 per cent) decrease simultaneouslv hv 
10 per cent or more In these 3 experiments there was a marked 
increase in plasma flow (-4*90, 64, and per cent), and these 
might conceivabl) be interpreted as evidences of a shunt The 
other 8, however, do not support this interpretation In none of 6 
experiments in which pitressm was given to atropmized dogs did 
Epr and Ej\ decrease simultaneous!) b> 10 per cent or more 
These investigators found that the constant intravenous in 
fusion of renin into dogs with explanted kidnejs decreased the 
total renal plasma flow in 9 out of 10 experiments, the average 
decrease being —35 per cent (range —20 to —47 per cent) The 
effects upon Epr were slight and of variable sign, averaging a 3 per 
cent increase Ei\ increased in 9 out of 10 instances (+9 to 10S 
per cent, average 50) Thus, renin, which produces marked renal 
ischemia, leaves the filtration rate unchanged, doubles the filtra 
tion fraction, and has no significant effect upon E Pn There is in 
the dog, therefore, no evidence that pitressm in verv large doses, 
or renin, produces a consistent reduction in the extraction ratio of 
phenol red or inuhn, the first a certain, the second a probable, 
concomitant of juxtamedullar> diversion 

Breed, Maxwell, and Smith * so report that in 16 normal subjects 
with unne flows ranging from 068 to 15 cc/min , and under ex 
tremel) variable and at times rapidlv changing states of hjdra 
tion, Epah remained within the range of o 88 to o 96 In 1 instance, 
when the unne flow fell from 13 to 2 cc/min , 3 successive extrac 
tion ratios were o 93, o 92, and o 92 Renal oxv gen arterial v enous 
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differences from 9 of these subjects were within the normal range 
and showed no relationship to urine flow 

It is impossible to duplicate in human subjects the massive 
doses of pitressin that the Oxford workers administered to their 
animals—o 2 to 20 pressor units/kg, equivalent on the basis of 
body weight to 14,000 to 1,400,000 milliunits in man, * and in 
deed it is questionable whether comparable amounts of anti 
diuretic hormone ever appear in the human or animal circulation 
But Breed, Maxwell, and Smith have examined in 10 subjects the 
effects of more moderate doses of pitressin, which in such doses 
has no effect on the renal circulation (fig 79, p 431) Control ob 
servations were made during a period of water diuresis for at 
least 2, and usually more, clearance periods of 15 to 45 min Fur¬ 
ther observations were made 30 mm after an intravenous mjec 
tion of pitressin followed by a constant sustaining infusion of this 
hormone In 7 experiments physiologic doses of pitressin 12,8 were 
used, a priming dose of 50 milliunits and sustaining doses of 50 
milliunits/hr In 2 subjects pharmacologic doses were employed 
(5000 and 2000 milliumts/hr respectively) In these 2 subjects 
the pitressin caused marked facial and mucosal pallor and com¬ 
plaints of faintness, abdominal cramps, and impending syncope 
In all cases the effect of pitressin was manifested by a sudden re¬ 
duction in urine flow and an increased U/P ratio of PAH 

Because of the possibility of rapid transient renal effects (with 
subsequent autonomic accommodation of the renal circulation), 
particular attention was given to the immediate effects of the 
hormone in 3 subjects Extraction ratios were obtained 2, 9 5, and 
2 mm , respectively, after the injection of pitressin, during which 
time all 3 subjects were visibly pallid Renal oxygen arterial- 
venous differences were obtained in these subjects 14, 8, and 1 
min after pitressin, while clearances were continued throughout 
the entire period of equilibration 

The PAH and mulin clearances showed no significant or con¬ 
stant changes following pitressin Epah remained above the ac¬ 
cepted lower normal limit of o 88, varying in either direction by 

* Antidiuresis may be maintained m man by the administration of less than 
5° milhunits/hr 
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i to 3 per cent in all subjects except one, in whom this value de¬ 
creased by 5 per cent, scarcely a significant drop; the renal oxygen 
arterial-venous difference, however, coincidently increased in this 
subject. The renal oxygen arterial-venous difference and renal ex¬ 
traction of oxygen increased m 6 subjects and decreased in 3, these 
changes occurring independently of minor variations in clearances 
or extraction ratios. Extraction ratios of inulin were observed in 
only a few of these subjects because of the large technical error in 
this measurement. An analytical error of j or 4 per cent in the 
inulin analysis will cause wide variations in the calculation of Eix 
where two fairly close blood levels are being compared. But in no 
case was there much change in this value. The observations of 
Breed et al. on the effects of pitressin in man are in agreement with 
those of Corcoran and Page 4,1 in dogs that received large amounts 
of pitressin over protracted periods and reveal no evidence of 
juxtamedullary diversion during spontaneous changes in urine 
flow or after the injection of pitressin. 

Shock 

Trueta and his colleagues were led into their study of the renal 
circulation in the rabbit by the problem of tourniquet shock, 
which represents their major method for eliciting juxtamedullary 
diversion in this species. They postulate that such diversion of 
blood away from effective exposure to glomerular filtering surface 
is responsible for the oliguria of shock in general. 

No data on the extraction ratio of PAH in uncomplicated cir¬ 
culatory failure in man are as yet available, but Phillips, Dole, 
Hamilton, Emerson, Archibald, and Van Slvke 1401 found that, in 
acute hemorrhagic and traumatic shock in the dog, the kidneys 
continued to extract PAH with the same degree of completeness 
(Epah = 0*87) until the shock was so severe that the renal plasma 
flow was reduced to below 3 per cent of normal. Qualitatively 
similar observations have been reported by Corcoran and Page."* 
The fact that the renal oxygen arterial-venous difference did not 
increase noth the late stages of shock in the dog, m in contrast to 
the immediate increase in oxygen extraction by the body as a 
whole, might be interpreted as indicative of diversion of blood 
through channels not presented to the renal parenchyma for clear- 
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ance, but the injection of d>es (India ink, Evans blue, and trypan 
blue) into the renal artery of 3 dogs during the terminal stages of 
shock revealed that the kidney was uniformly perfused, while 
histological examination of some of these kidneys revealed no in 
stance of selective cortical ischemia (Oliver, pers com ) Van 
Slyhe, 205 ” reviewing the experiments of the Rockefeller group on 
shock in dogs, rejects the diversion hypothesis, chiefly on the basis 
that the renal blood flow is decreased rather than increased as 
would be expected if capacious vascular channels were opened 
through the medulla 

Maluf ,m rejects the interpretation relative to hemoglobinunc 
nephrosis because he found equal and normal (India ink) injection 
of the cortex and medulla following anuria and marked diminution 
of clearances In reversible shock in dogs he found a diminished 
injection of the entire kidney, with more dye in the cortex than in 
the medulla 

Anuria 

In 4 subjects recovering from oliguria caused by inhalation carbon 
tetrachloride poisoning, Sirota 1803 demonstrated great reduction 
in renal blood flow, filtration rate, Epah> and Ein during the early 
stages of spontaneous diuresis, with a gradual return of renal 
clearances toward normal during 100 to 200 days after the onset 
of the oliguria The renal oxygen arterial venous difference in 1 
subject on the seventeenth day was 3 o cc/100 cc He attributes 
the decreased extraction of PAH and inulin to tubular damage 
caused by anoxia, resulting in increased tubular permeability and 
unselective reabsorption of the glomerular filtrate 

Breed and Maxwell (pers com ) have made observations during 
oliguria, which persisted for 6 days, in a subject suffering a post 
transfusion reaction, and found Epaii to be reduced to o 06, with a 
renal oxygen arterial venous difference of 2 5 cc/100 cc Clearance 
studies at this time were so low as to be uninterpretable Six days 
after the onset of diuresis, TmpAH was zero, and clearances of all 
substances measured were at the same very low level, indicating 
tubular reabsorption of all substances in the glomerular filtrate 
Examination 102 dajs after the onset of oliguria showed Epah to 
be o go and the renal oxygen arterial venous difference to be 1 6 
cc/100 cc, both within normal limits, although at this time the 
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PAH and inuhn clearances were less than 50 per cent of average 
normal values. These observations are consonant with non-per¬ 
fusion of large and presumably damaged areas in the kidney, such 
tissue as is perfused functioning normally. 

Clark, Barker, and Crosley ,58 have reported on a patient anuric 
for 8 days following a transfusion reaction. The extraction ratios 
of creatinine, mannitol, urea, free PAH, and total PAH w ere 0.043, 
0050, 0051, 0.017, and 0080, respectively, all very subnormal 
and indicative of almost complete cessation of renal function. 
However, the oxygen arterial-venous difference was 1.53 cc/100 
cc. and the C 0 2 arterial-venous difference, +1.1 vols. per cent. 
These normal arterial-venous gas values indicate perfusion of 
metabolizing tissue rather than the operation of a by-pass. These 
authors suggest that an alternative interpretation might be the 
exclusive perfusion of non-excretory tissue which has a metabolic 
pattern characteristic of the kidney as a whole; but, since in the 
normal kidney non-excretory tissue receives no more than 10 per 
cent of the blood, it would be necessary to postulate complete is¬ 
chemia for 9 days of 90 per cent of renal tissue in a patient who 
eventually recovered They conclude that juxtamedullary di¬ 
version is untenable as an explanation of the anuria and infer that 
all the renal tissue is being slowly perfused and is extracting a nor¬ 
mal amount of oxygen from each (unknown) volume of blood, hut 
that excretory capacity has not yet been regained, because of 
either unselective reabsorption or tubular obstruction. 

Although the evidence at present is not conclusive, it argues 
against the diversion of blood in man in oliguria of traumatic or 
toxic origin because (a) the renal blood flow is consistently re¬ 
duced to very low levels, whereas if juxtamedullary diversion oc¬ 
curred this would not be the case; (b) the renal oxygen arterial- 
venous difference is increased, rather than decreased; (c) Epait re¬ 
covers ahead of the PAH clearance, indicating that such blood as 
does perfuse the recovering kidney is cleared in the normal man¬ 
ner; and (d) there is no morphologic evidence of local cortical is¬ 
chemia in kidneys from experimental or clinical cases. At the mo¬ 
ment, the more probable explanation of acute renal failure is that 
given in chapter xxiv. Recovery of circulation and tubular func- 
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tion proceeds -pari passu , so that at intermediate stages of recovery 
the blood is cleared in a normal manner 

Congestive Heart Failure 

Although our present information on renal hemodynamics in 
chronic congestive heart failure was not available at the time the 
Oxford monograph was prepared, the greatly reduced renal blood 
flow and filtration rate in this condition would seem to make it a 
suitable circumstance for a by pass to operate, if one exists But 
the data cited in chapter xxii show that Epaii is not reduced, 
while Ein and the renal oxygen arterial-venous differences are in¬ 
creased in congestive failure, excluding the operation of a b> pass 

Abdominal Compression 

Abdominal compression decreases renal blood flow, presumably by 
raising renal venous pressure Bradley and Bradley m found Ep A n 
to average o 923 in 8 subjects before compression, o 929 during 
compression, and o 932 (6 subjects) after compression was re 
moved, and Bradley and Halperm 140 report no significant change 
in renal oxygen arterial-venous difference during compression 

In none of the foregoing clinical studies on man is there evidence 
of juxtamedullary diversion, and indeed in most instances (nor¬ 
mal circulation, senescence, essential hypertension, adrenalin, 
syncope, antidiuresis, congestive heart failure, abdominal com¬ 
pression), the evidence is such as positively to exclude this phe¬ 
nomenon 

Trueta et al suggest that juxtamedullary diversion may be re¬ 
sponsible for the pathological picture called ‘lower nephron ne¬ 
phrosis,’ but it has been pointed out in chapter xxiv that this term 
is somewhat inept, since the pathological changes in the anunc 
kidney are not restricted to the ‘lower nephron’ (distal segment) 
In any case, it is improbable that cortical ischemia sufficient to 
injure the distal tubule would fail to have adverse effects upon the 
proximal tubule intertwined with it 

Cortical ischemia with continued medullary perfusion is most 
clearly indicated in bilateral cortical necrosis, but most patholo 
gists recognize that embolic occlusion of the renal arterioles plays 
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an important role in this disease (ch xxi) To what extent the 
initial phase in\olves functional ischemia is not determined 

OBSERVATIONS IN THE RABBIT, DOG, AND CAT 
Perfusion of the juxtamedullary circulation during cortical is¬ 
chemia has been confirmed b) some investigators in the rabbit, 
but has failed of confirmation in this species b> others In the dog, 
experiments have generall) been negative 
Montague and Wilson ,4,s have confirmed that o 1 mg adrenalin 
mtravenousl) in anesthetized (nembutal ether) rabbits produces 
juxtamedullar) diversion, and the) find that Ep A n decreases to a 
negative value averaging — 0 266 in 7 animals, and returning to 
control levels (o 90) after 10 to 40 min Reduction in Ep\H "as 
also produced bv shock, in their experiments 

Cort and Barron obtained juxtamedullar) div ersion in the 
rabbit and cat b\ reflex excitation and found that the initial re 
sponse to stimulation of a spinal afferent is unilateral, becoming 
bilateral in 5 to 10 min in cats, and 3 to 4 5 hr in rabbits The 
crossing occurs m the cord Anuna can be rehev ed b) nov ocainiza 
tion of either the splanchnic fibers or of the spinal roots Tio to 
T12, and Stock. 1011 reports that renal vasoconstriction can be 
blocked with tetraethv lammomum bromide 

Hoff, Kell, Hastings, Gra), and Sholes lc *° have shown that 
these renal vasoconstrictor pathways are represented in the cere¬ 
bral cortex of the cat (ch xn ) 

Arcadi and Farman,* 7 injecting India ink into anesthetized 
(nembutal) rabbits, report that pilocarpine and magnesium sul 
phate, giv en mtravenousl), and water diuresis div ert blood into the 
cortical circuit, whereas deh)dration by Epsom salts, milk of 
magnesia, and croton oil diverts it into the juxtamedullarv cir¬ 
cuit The effect of water diuresis and extreme (pathologic) dehy¬ 
dration as reported are contrar) to the results obtained bv Frev 
The actions of pilocarpine and magnesium sulphate (dosage is not 
recorded) are difficult to interpret. The evidence shows that pref 
erential perfusion ma) occur under extreme pharmacologic con 
ditions, as after stimulation of the renal nerves 

Palmlov ,s 1 reports juxtamedullar} injection in the rabbit kid 
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ney when the renal artery has been clamped for i hr and 35 min , 
and after the injection of staphylococcus toxin 
Moyer, Conn, Marheley, and Schmidt 1484 confirm that in the 
rabbit stimulation of the sciatic nerve leads to renal ischemia (as 
measured by thermostromuhr, bubble flow meter, or the Barcroft 
Brodie technique) However, the renal arterial venous oxygen 
difference increased rather than decreased Juxtamedullary di¬ 
version, as shown by India ink injection, could be produced in 
rabbits by adrenalin but not by sciatic* nerve stimulation, while it 
could not be produced by either means in dogs, in which vasocon 
striction was uniform throughout the kidney 

Black and Saunders 186 report that stimulation of the central 
end of the cut sciatic nerve for 10 to 20 mm reduced the PAH 
clearance in 5 out of 10 trials in rabbits The muhn clearance was 
less affected The experiments are notable for the absence of any 
consistent effect in half of the rabbits, and cats proved to be even 
more resistant In a second senes of experiments, after laparotomy 
blood was diverted through plastic tubing from the renal vein to 
the jugular vein, after ligation of the inferior vena cava above and 
below the renal vein, diverted blood was drawn for the determma 
tion of extraction ratios Rabbits stood the operation badly, but 
the investigators were able to observe 8 cats and 1 rabbit in which 
the renal venous blood flow was 10 cc/min or more The control 
values of Epah were low (o 50 to o 80), from which the authors 
infer that even before sciatic stimulation blood was diverted( ? ) 
from excretory tissue In 1 animal the renal venous pressure was 
observed on obstruction to rise to 70 cm of water, far above nor¬ 
mal maximal femoral or vena cavai pressures (10 cm ), implying 
the opening of large communications between the renal artery and 
vein Epah in this sample was o 20 But after sciatic stimulation 
Epah was o 77 and after pituitary extract, o 80 The authors dis¬ 
cuss the implications of their work with respect to a Trueta shunt, 
but draw no conclusions 

Hughes Jones, Pickering, Sanderson, Scarborough, and Van 
denbroucke, 1051 by the injection of Berlin blue into rabbits, found 
no evidence of medullary diversion of blood at the height of renin 
diuresis 
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Kahn, Skeggs, and Shumway, 1 ”* using India ink injection, 
failed entirely to obtain evidence of juxtamedullary diversion in 
the rabbit under a variety of circumstances: in normal animals 
anesthetized with nembutal; during and after the action of ad¬ 
renalin in doses (0.15 mg/kg.) sufficient to produce complete renal 
ischemia, as well as dunng the constant intravenous infusion of 
this compound; dunng and after the action of amyl nitrite by in¬ 
halation, renin, and angiotonin intravenously; and during hemor¬ 
rhagic hypotension and stimulation of the central end of the cut 
sciatic nerve. Pitressin, renin, and angiotonin produced a picture 
of congestion of all glomeruli, efferent arterioles, and capillar)' 
components, including the vasa recta. Angiotonin in particular led 
to concentration of ink in the glomeruli, suggesting intense ef¬ 
ferent arteriolar constriction. In 3 of 11 experiments involving 
sciatic nerve stimulation, the peripheral portions of the cortex 
were not filled with ink, unlike those deeper in the cortex and the 
juxtamedullary region In these 3 animals the authors believe that 
marked constriction of the mam renal arteries and their branches, 
including their arcuate portions, arrested perfusion in the pa¬ 
renchyma distally, so that only the first portions of the inter¬ 
lobular arteries and their dependent glomeruli were perfused. 

Kahn and his coworkers suggest that failure to obtain India ink 
injection of certain areas, and particularly of the most peripheral 
cortical glomeruli and subcapsular capillaries, may sometimes be 
due to a rapid passage of blood which carries the ink into the veins 
that dram these regions The) also conclude that the most signifi¬ 
cant effect of amyl nitrite appears to be on the venous side, with 
marked dilatation of the cortical capillaries. The injected ink 
passes through the arterial side to accumulate in the dilated ve¬ 
nous components of the rasa recta , the venous channels in the 
juxtamedullary zone, and in the venous end of the cortical inter- 
tubular capillaries, from which outflow is impeded by a rise in 
venous pressure. There was no evidence of a medullary b) -pass in 
any of these experiments 

Goodwin, Sloan, and Scott * w have failed in important respects 
to confirm the observations of Trueta and his coworkers in either 
rabbits or dogs. In numerous experiments involving tourniquet 
application or electrical stimulation of the central end of the di- 
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vided sciatic nerve (15 rabbits and 10 dogs anesthetized with 
nembutal or dial) only once did they observe unilateral cortical 
ischemia The exception was a dog which had been subjected to 
intermittent stimulation of the central end of the left sciatic nerve 
for nearly 5 hr, which had been carrying a bladder cannula for 
many weeks, and in which bilateral calculi had formed in the renal 
pelves In several of these experiments bilateral total or partial 
ischemia of the kidneys was observed Unilateral ischemia was 
obtained in rabbits, dogs, and monkeys consistently onlv after 
direct stimulation of the splanchnic or, better, the renal nerves 
Under these conditions, the ischemia was most severe in the 
cortex, the juxtamedullar> glomeruli being open to injection with 
dye or India ink If the stimulus was of great intensity and dura 
tion, the kidney became totally ischemic The authors hesitate to 
speak of the phenomenon ^s indicating a by pass and say that it 
would be equally reasonable to explain the demonstrated cortical 
ischemia on the basis of total renal ischemia due to progressive 
vasoconstriction They also remark that they are impressed with 
the hardiness with which the renal circulation withstands all as¬ 
saults on the organism short of direct or indirect stimulation of the 
renal nerves 

Maluf 1,78 found no evidence, by the injection of India ink, that 
there is any diversion of blood from the cortex to the medulla 
during the oliguria induced by the injection of lysed red cells in 
the dehydrated dog 

Study and Shipley 1020 report that, after direct stimulation of 
the renal nerves in the dog, trypan blue is diffusely distributed m 
the kidney, with patchy, pyramidal areas of injection without 
preponderance of dye in the juxtamedullary areas 

Draper and Whitehead 442 report that anuric dog kidneys, in 
jected with colloidal mercuric sulphide at the height of reflex vaso 
constriction elicited by respiratory arrest, are uniformly pig 
mented 

Houck 1040 obtained no evidence of juxtamedullary diversion 
after the injection of moderate doses (21 to 81 7/kg mtrave 
nously) of adrenalin in anesthetized (nembutal) dogs The fUtra 
tion rate, urine flow, and renal plasma flow were decreased, but 
Tmo was not affected Epah remained normal at doses of 21 to 
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67 7, but decreased b> 30per cent at 81 7/kg TmpxH was reduced 
b> 30 per cent onl> at high doses Houck concludes that, during 
the renal ischemia induced b) moderate doses of adrenalin, no ap¬ 
preciable blood is diverted awaj from the cortex 

ARTERIAL-VENOUS ANASTOMOSES 

Cargill r7 has attributed the decrease in Epui that follows the 
administration of serum albumin to man (ch xn ) to diversion of 
blood through the juxtamedullar) circulation There is concomi¬ 
tant!) a marked increase in renal plasma flow and a decrease in 
the corrected filtration fraction, but this is hemod) namicallj pos¬ 
sible without positing juxtamedullar} diversion It is important to 
note that in ever} case the filtration rate increased, the average in¬ 
crease being 7 per cent (range 3 to 15 per cent), a fact that argues 
against diversion of blood from the cortex b> any route 
Michie, Gimbel, and Riegel (ch xrv) believe that the adminis¬ 
tration of albumin opens arterial venous anastomoses without di¬ 
verting blood away from the glomeruli, since the} observed no 
change in filtration rate, PAH clearance, Tmp AH> or Tmo during 
the hjperemia and at a time when E PA h was reduced Barker, 
Clark, Crosle}, and Cummins 87 confirm these observations with 
respect to filtration rate, PAH clearance, Epah, and Tm PAH and 
concur in the conclusion reached by Michie tt al The) find that 
the renal ox)gen arterial venous difference decreases b) 30 to 40 
per cent of the control value as the total renal blood flow increases, 
a fact that would be consonant with this interpretation 

The writer concurs, on the available evidence, in the belief that 
the renal h) peremia induced b) albumin may represent the open 
ing of some major non-excretory channels (arterial venous anas¬ 
tomoses) which supplement the normal perfusion of the cortex 
without diverting blood in an) significant degree from the cortex 
It is probabl) by such channels that the glass spheres of Stmkm, 
Bergman, Silver, and Prinzmetal ,s,s pass from the arterial to the 
venous side of the renal circulation If so, such non-excretor) chan¬ 
nels appear to be of slight functional importance, since the) permit 
b)-passing of at most a small fraction of the blood in the normal 
human kidne), and there is no evidence of their activity in an) of 
the pharmacological or clinical circumstances cited above. How- 
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ever, there remains the possibility that these large doses of al¬ 
bumin may have an adverse effect on tubular excretion, decreasing 
Epah roughly in the same proportion as they increase the renal 
blood flow by action on the glomerular circulation. 

THE SIGNIFICANCE OF THE MEDULLARY CIRCULATION 
In summary, the positive evidence excludes the diversion of any 
appreciable quantity of blood through uncleared channels in 
senescence, essential hypertension, cardiac failure, or during the 
action of endogenous or exogenous antidiuretic hormone, adren¬ 
alin, histamine, pjrexial hyperemia in man, or in traumatic and 
hemorrhagic shock, in the dog There is no evidence of such di¬ 
version (and the data can be otherwise interpreted) in such oli¬ 
guric states as have been examined in man. 

That the kidneys are innervated by the sympathetic nervous 
system and that adequate excitation of afferent or efferent path¬ 
ways will lead through these fibers, or through the action of ad¬ 
renalin, to renal vasoconstriction has been known to numerous 
investigators since the time of Bradford (ch xiv). Differential 
constriction of the cortical glomeruli, as compared with the juxta- 
medullary glomeruli, in the rabbit has been demonstrated by 
Trueta and his colleagues, but only partially confirmed by other 
investigators The evidence suggests that the cat kidney responds 
like the rabbit kidney But the phenomenon of by-passing has 
not been confirmed in the dog as yet, and the evidence, m a pos¬ 
itive sense, quite excludes its existence in man in all the conditions 
enumerated above, if we accept the interpretation that the juxta- 
medullary circulation is unique in so far as the fate of the post- 
glomerular blood is concerned 

Before attempting an interpretation of the paradoxes here pre¬ 
sented, it must be remarked that the conditions under which 
juxtamedullary diversion has been elicited in the rabbit are trau¬ 
matic in the extreme, and it may be that under comparably trau¬ 
matic conditions the phenomenon might be elicited m man Fur¬ 
thermore, we have repeatedly remarked that the sympathetic 
nervous system in the rabbit appears to be so highly labile that 
extreme renal vasoconstriction is readily induced in this species, in 
contrast to the dog and man Accepting these arguments as signtfi- 
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cant, the anatomical fact remains that the juxtamedullar) glo¬ 
meruli in man and the dog, as m the rabbit, do differ from the 
cortical glomeruli in respect to the fate of the postglomerular 
blood It is on this difference that the Oxford investigators have 
nghtl) placed their emphasis 

We are left then with two questions (a) what functional sigmfi 
cancels to be attributed to the juxtamedullar) circulation, and (b) 
is there any evidence which might explain a species difference in the 
vasomotor pattern of the hidnej in various mammalian species 3 

With respect to (a), it should be noted that the straight limb 
of Henle’s loop of those nephrons located in the juxtamedullarj 
region penetrates the ‘outer band* of the ‘outer zone’ of the 
medulla (Oliver, pers com where it is surrounded bj or ad 
mixed with vasa recta, onl) in the ‘inner band’ of the outer zone 
and the ‘inner zone’ of the medulla is the nephron represented ex 
clusivelj by the thin segment (plate 11, ch 1) The Oxford 
workers treat this straight (descending) limb as part of the ‘loop 
of Henle,’ which in a historical and anatomical sense is correct but 
is functionall) misleading in that it implies functional equivalence 
with the thin segment These thick, walled tubules are anatom- 
icall) similar to the proximal convoluted tubules and must be con 
sidered functional!) as proximal tubular tissue Thus , eien if the 
efferent blood from the juxtamedullar) glomeruli is restricted 
wholl) to the vasa recta, and if the vasa recta have no capillary off¬ 
shoots, this proximal tissue in the descending limb of the loop of 
Henle could extract PAH from this blood in a normal manner, for 
it is in intimate relation with both the descending and ascending 
portions of the vasa recta On the other hand, the thin limb ter 
minates in a thick ascending limb which maj be of considerable 
length within the medulla, if this segment is functionall) identical 
with distal convoluted tubular tissue, and one maj presume it is, 
it could perform the reabsorptive functions usuall) ascribed to 
the latter In brief, the vascular tubular relations in the outer 
medulla are such as to permit essentiall) the same clearance func 
tions for the juxtamedullar) glomeruli as for the cortical glomeruli 
An alternative interpretation is that such anatomical peculi¬ 
arities of the medullar) circulation as might militate against prox 
imal tubular clearance are nullified by the peripheral movement 
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of interstitial fluid. It has been suggested 721 that in the medulla 
interstitial fluid moves toward the cortex; if this flow actually 
translates fluid from around the vasa recta to the inner zone of the 
cortex, or even the outer zone of the medulla, this might bring 
the fluid into contact with proximal tissue and suffice to effect 
clearance of such juxtamedullary blood as is not directly presented 
to this tissue. The juxtamedullary nephrons could function quali¬ 
tatively and quantitatively like cortical nephrons except under 
circumstances where the circulation of interstitial fluid was im¬ 
peded, as perhaps might occur in renal edema, perinephritis, and 
other circumstances raising intrarenal pressure. There is evidence 
that in conditions involving partial injury of the parenchyma 
vicarious clearance of this type can be of a considerable order of 
magnitude, but it has not been established whether this vicarious 
clearance is attributable to diffusion or to circulation of interstitial 
fluid. 7 *® m ® We believe, however, that the hypothesis of circula¬ 
tion of interstitial fluid should be advanced cautiously until more 
is known about this largely neglected functional aspect of the 
renal circulation. 

If either (or both) of the foregoing views is accepted, exclusive 
perfusion of the juxtamedullary glomeruli would make little dif¬ 
ference in the fate of the blood so far as renal clearance is con¬ 
cerned. We are then left with the important question: what is the 
physiological significance of the renal medulla, with its striking 
anatomical composition of an assemblage of the thin segments of 
the loops of Henle (particularly belonging to the juxtamedullary 
nephrons) and of the parallel and extremely abundant vasa recta? 
A ‘medulla’ having something of this anatomical composition ap¬ 
pears to be developed to a greater or lesser extent in all the mam¬ 
mals and in the birds, the two Classes in which the thin segment 
is more than a short connecting piece between the proximal and 
distal segments. 

That the medulla is not concerned primarily with water di¬ 
uresis can be argued from comparative physiology: the excretion 
of an osmotically dilute urine occurs in the fresh-water elasmo- 
branch and teleost fishes. Amphibia and reptiles, where no thin 
limb or medulla is developed. As has long been recognized, the 
presence of the thin limb is correlated with the capacity to elabo- 
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rate a hypertonic urine, and, as stated in chapter xi, we conceive 
that it is a sort of safety diffusion mechanism insuring that the 
distal system will receive urine in which salt and water occur in 
constant, fixed proportions, a matter of some importance if the 
distal reabsorption of sodium and water is limited by critical con 
stants As glomerular filtration has acquired increased importance 
in the mammals (as compared with the reptiles and Amphibia), 
an advantage accrues from elaboration of both the thin limb and 
the necessary reabsorbent capillary channels in the form of the 
rasa recta 

From our knowledge of the high value of E PA n in man, we must 
infer either that only a small fraction (probably less than 5 per 
cent) of the renal blood normally perfuses the juxtamedullary 
glomeruli and the vasa recta , or that the relations of the proximal 
and distal tubules to the vasa recta, supplemented perhaps by cir¬ 
culation of interstitial fluid, are such as to effect the same clear 
ance and reabsorptive operations as are earned out upon the capil 
lary blood in the cortex The first inference is so improbable that 
perforce we must accept the second In this case, the juxtamedul 
lary circulation is anatomically but not physiologically unique 

There remains the fact that sometimes dunng renal ischemia in 
the rabbit, and perhaps to some extent m other mammals, the 
juxtameduliary nephrons may continue under perfusion when the 
cortical nephrons are devoid of blood In seeking an answ er to this 
species difference in the pattern of vasomotor response, we should 
like to call attention to certain features in the development of the 
mammalian kidney described in chapter xvi 

In newborn infants the filtration rate, the effective renal plasma 
flow, and TmpvH are all low on a surface area basis and increase to 
adult values between the first and second y ear of life, reflecting 
the rapid maturation of the infant kidney The persistence of cu 
boidal fetal glomerular membranes doubtless reduces the filtra 
Hon rate, but despite a low filtration rate the filtration fraction is 
excessively high (o 40 to o 60), implying (as one explanation) a low 
value of Epah Furthermore, the Ci\/Tmp A H and Cp A n/Tmp.ui 
ratios are characteristically supernormal In infancy and until 
late in childhood the cortex/medulla thickness ratio is lower than 
m the adult The renal circulation at birth appears to be pre 
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dominantly a glomerular one, despite the low value of the filtrn 
tion rate on a surface area basis This may be because the post 
glomerular blood escapes into the venous circulation without tu 
bular clearance, for the reason that an adequate quantity of proxi 
mal tubular tissue or an adequate circulation to that tissue is not 
yet developed This circumstance would lead to a low extraction 
of diodrast and PAH, to low clearances of these compounds, to 
low values of Titipah on a surface area basis, to a high filtra 
tion fraction, and to a high Cm/TmpAii and possibly a high 
CpAii/TmpAH ratio As proximal tissue develops in the first year 
or so of life, all postglomerular blood comes ultimately to be pre 
sented to proximal tissue for clearance, and E PA h, Cpaii, and 
TmpAii increase, while the filtration fraction and Cin/Titipah de 
crease to their adult values 

In view of the fact that the juxtamedullary nephrons develop 
ahead of the cortical nephrons in all mammals it is possible that 
much of the neonatal circulation is through the vasa recta , a cir 
cumstance conducive to the maximal conservation of water but 
not conducive to maximal filtration or tubular clearance 

In the white rat (and in the rabbit?) the number of glomeruli 
double after birth, but man (and the dog ? ) are born with their full 
complement of glomeruli It may be that the primordial (fetal) 
juxtamedullary glomeruli in the rat (and rabbit 7 ) receive a meager 
sympathetic innervation (for which there is little or no require 
ment during fetal life), while glomeruli in the neogenic zone, de 
veloping in late fetal life or after birth, establish more effective 
sympathetic connections and are more susceptible to neurogenic 
vasoconstriction Whereas, if all the glomeruli in man (and dog ? ) 
are differentiated at birth, whatever sympathetic connections are 
established with them are less likely to reflect postnatal develop 
ment of the cortex Alternatively, neuromotor imbalance be 
tween cortex and juxtamedullary region may represent a fetal 
pattern that is variably lost in the adults of various species In 
either view, the juxtamedullary circulation would represent a 
vascular area refractory to neurogenic vasoconstriction in some 
species and not in others, but otherwise having no unique func 
tional significance other than to promote the reabsorption of 
water from the thin segment 



CHAPTER XXVI 


Diseases of the Kidney and Urinary Tract 


GLOMERULONEPHRITIS 

Glomerulonephritis is a bilateral renal disease which has as van 
able signs the abrupt onset of edema, proteinuria or hematuria, 
renal functional impairment, and h>pertension The disease ap¬ 
pears in acute and chronic forms, and it is generally accepted 
that these are etiologicalU related Chronic glomerulonephritis 
is subject to exacerbations following infection With few excep¬ 
tions, investigators consider the nephrotic s>ndrome (nephrosis) 
as an intermediate stage 

The evidence indicates that acute glomerulonephritis is a se- 
quella of infection with group A hemoljtic streptococcus (tonsil¬ 
litis, larjngitis, paranasal sinusitis, otitis media, cervical adenitis, 
scarlet fever, etc ) The evidence also incriminates Streptococcus 
vmdans (tn subacute bacterial endocarditis) and the pneumo¬ 
coccus The disease usual!} makes its appearance after an asvmp- 
tomatic latent period ranging from a few davs to 4 weeks, the 
average interval being 12 dajs, this latent period representing an 
interval during which immunological reactions, possibh akin to 
allergv or sensitization, result in vascular changes of sufficient 
seventj to reach the threshold of discover} In this respect acute 
nephritis presents a parallel to rheumatic fever, where obvious 
organic invol'ement follows acute infection b> a week or more. 

836 
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Second attacks of acute glomerulonephritis are extremely rare 
Usually the earliest recognized signs are urinary abnormalities, 
edema, and hypertension, m a small and equal proportion of in 
stances only urinary abnormalities and edema, urinary abnor 
malities and hypertension, or urinary abnormalities alone may 
be present In rarer instances edema and hypertension may occur 
without albuminuria or other evidence of renal involvement, a cir 
cumstance which leads some to believe that the functional changes 
in nephritis involve the circulatory system as a whole 453 885 1559 
In the majority of patients the most evident locus of reaction 
is m the kidney, where it involves the glomeruli The outstanding 
histological changes involve the visceral capsule and basement 
membrane of the glomerulus, which becomes thickened and oc 
eluded by increased cellulanty owing to multiplication of the 
intercalated cells m the axial space between the capillary loops 
The arterioles and tubules are not at first involved, but with pro 
gressive obliteration of the glomerular circulation by fibrosis the 
dependent parenchyma undergoes degenerative changes and grad¬ 
ual if irregular extinction of the entire nephion occurs The 
glomerular lesion is accompanied by hematuria or hemoglobinuria, 
and the appearance of leucocytes, hyalin, granular, and cellular 
casts and desquamated tubular epithelium m the urine Urinary 
volume may be normal or may be replaced by oliguria The 
acute disease usually runs its course in less than a month, the 
end being marked by disappearance of edema, subsidence of hy 
pertension and azotemia where these are present, and m the most 
favorable cases by the disappearance from the urine of alt signs 
of a glomerular lesion In the majority of patients, especially 
among children, recovery appears to be complete and without 
tendency to recurrence 

In less fortunate instances, for reasons unknown, proteinuria, 
microscopic hematuria, and impaired concentrating power per 
sist, revealing a subacute or chronic process Complete recovery 
fails to be effected, and the disease takes the form of chronic 
glomerulonephritis in which hjalmization and fibrosis of the glom¬ 
erular tuft gradually obliterate the glomerular circulation and, 
perhaps as a consequence or perhaps independently, tubular tis¬ 
sue, while arteriolar lesions destroy the vascular tree, this chronic 
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degenerative process running an inexorable course until the de¬ 
struction of renal parenchyma leads to contracted kidneys com 
posed mostl) of scar tissue and tubular detntus 

In the kidney of chronic glomerulonephritis even nephron mav 
differ from its neighbor in structure and presumably in function 
Some undergo hypertrophy, as after subtotal nephrectomy, and 
m experimental nephritis it has been shown that the proximal 
tubule cells in such hypertrophic nephrons take up the vital dve, 
trypan blue, but it has not been shown whether the dye gains 
access to the cell from the blood or by naj of the lumen, nor is 
it demonstrated to what extent cells capable of vital staining are 
active in tubular excretion or reabsorption Nephrons of abnormal 
structure, with atrophied and atypical epithelium, absorb and 
store the d> e poorly or not at all Obstruction of the lumen bv 
protein casts undoubtedl) plays an important role in causing the 
ultimate degeneration of some nephrons ,s ‘* ,sso 

Several studies of renal disease have included observations on 
the filtration rate and renal plasma flow in individuals with acuteor 
chronic glomerulonephritis,'*’ «*•*'» *«.«**« * M mi io« im i»»» n 
demonstrate that the filtration rate and renal plasma flow mav be 
variably reduced and terminally are of course reduced to very' low 
values 

Considerable clarification is effected bv analyzing these func 
tional changes in relation to the quantity of residual functional 
tissue as measured by Tmo, as was done in the stud) of Earle, 
Taggart, and Shannon s ‘ s In view of the primary nature of the 
glomerular lesion, it is not surprising that the most characteristic 
functional change is a reduction of filtration rate, best revealed 
by the Cf/Thid ratio Figure 146 shows the mannitol * clearance 
in relation to Tmo in 22 patients studied m various stages of the 
disease, from active or healed glomerulonephritis to terminal ure 
mia The data appear to give a fair cross-sectional view of the 

* The mannitol clearances are uncorrected for the discrepancy between the 
mannitol and mulin clearances subsequently reported bj Earle and others 
(ch \) Earle, Taggart, and Shannon m this study obtained a mannitol/lnuhn 
clearance ratio in 7 patients with glomerulonephritis averaging 1.03 (ranee o 97 
to 1 07) and, since this discrepancy appears to be related to the technique of 
analysis and is minimal with the an ah ti cal method used by them, their mannitol 
clearances hase been accepted without correction 
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effects of the disease on the functional organization of the kidneys 
Except in terminal states, the ratio Cf/Titid is below the mean 
normal value, showing the extent to which the filtration bed is 



Ficure 146 Filtration rate in patients with diffuse glomerulonephritis in rela 
tion to diodrast Tm The mean normal values are indicated by the horizontal 
and vertical lines The normal relation 7,7 between them (Cp/Tmo) is extrapo 
lated to zero by the solid diagonal line Data obtained after healing of an acute 
diffuse glomerulonephritis are indicated by open circles, those obtained during 
healing or probable healing by dotted circles, and the remainder (active) by 
solid circles, or by crosses when the diastolic blood pressure was in excess of 
90 mm of Hg (Earle, Taggart, and Shannon •“) 

specifically affected Late in the disease, when Tmn has been re¬ 
duced to very low values, tubular injurj runs ahead and such 
nephrons as remain approach the impotent category, contributing 
little to the glomerular filtrate in the way of excretion and prob- 
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ablj little in the waj of reabsorption It is plausible to believe 
that this ultimate destruction of tubular function is related to 
ischemia issuing from the widespread destruction of the collateral 
vascular and capillar} s> stem 

In patients with h> pertension (1 e diastolic pressure above 
90 mm Hg) the ratio Cf/Tihd is no greater than in patients 
without hypertension, impl}ing that hypertension is ineffective 
in increasing the filtration rate, presumabh because of the in 
creased bamer to filtration created bv thickening of the glomerular 
membranes 

The interpretation of the diodrast or PAH clearance in nephritis 
is complicated b} a marked reduction in the extraction ratio of 
these compounds as the renal parench>ma is destro>ed Bradle), 
Curr}, and Bradley n9 obtained values of Ep 4H ranging from o 5S 
to o 76 in 6 subjects with chronic glomerulonephritis, and Brad 
le> 131 reports values ranging from 047 to 1 00 m 9 subjects with 
acute nephritis Cargill 3 * reports Epah in 8 subjects with chronic 
glomerulonephritis in whom Cpah was 455 or more as o 84 (079 
to o 90), but in 3 subjects, in whom Cpah ranged from 293 down 
to 90, Epah ranged from 064 to 035 He believes that Epah 
does not begin to decrease until Cf Has fallen below 60 cc and 
Cp ah below 300 cc 

In the absence of better information, it may be supposed that, 
in the disorganization of the \ascular pattern in glomerulone¬ 
phritis, channels are established wherebj some blood may flow di 
recd> from the arterial to the venous side without exposure to 
functional tubular tissue. Such would be the case if episodes of 
protracted anoxia destro}ed the excretor} power in some tubules 
so that efferent glomerular blood escaped uncleared (impotent 
tubules as described on p 606), while such a situation would prob¬ 
ably be accompanied h} glomerular degeneration and possibl} 
canalization of defunct glomeruli The studies of Oh\ er ,H * and 
others point to the development of paraglomerular vessels, rel 
ativel} infrequent m the normal kidne>, and to the persistence of 
function in relamel) aglomerular tubules However, the demon 
strated reduction in EpAn shows that such functional aglomerular 
tubules are overshadowed by atubular or glomerular vascular 
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channels In the overall functional picture it is not aglomerulai 
tubules that predominate, but atubular glomeruli 
Whatever the mechanism, the fact that Ed and E PA h may be 
slightly reduced early in the disease and markedly reduced later 
must be kept in mind in interpreting renal clearances Earle, Tag 
gart, and Shannon hold suspect diodrast clearances in all subjects 
with Thid less than 6 mg of iodine, because they recognize that 
Ed might be reduced and that the diodrast clearance would have 
no certain relation to total renal plasma flow A Tmn of 6 mg 
or below is observed in subjects with a diodrast clearance of 230 cc 
or less, a figure slightly below the critical level of 300 suggested 
by Cargill as that at which E PA n may be expected to be reduced 
But in the majority of subjects studied by Earle and his coworkers, 
the diodrast clearance may be accepted as closely reflecting total 
renal plasma flow 

In sharp contrast to the early reduction in filtration rate, the 
renal plasma flow per unit of tubular excretory tissue (Cd/Titid) 
in the subjects studied b> Earle et al tends to remain normal, or, 
in many instances, to be substantially increased (fig 147) No 
matter how much Ed may have been reduced, the residual func 
tional tubular tissue is clearing a supernormal quantity of blood 
This probabl> m part reflects vicarious clearance of efferent blood 
from glomeruli the tubules of which have lost their excretory 
power That such blood should become available for clearance by 
residual functional nephrons (through circulation of interstitial 
fluid, etc , as pointed out in chapter xix) does not contradict the 
suggestion that ischemia is responsible for the injury of other 
tubules, the interstitial fluid in any one area would in general flow 
in only one direction, and in this movement it may sweep through 
areas of low oxygen tension toward areas of normal oxygen ten 
sion Moreover, the changes in the glomeruli in the acute stage 
and probably in the chronic stage of the disease appear to create 
a greater barrier to filtration than to the transit of blood, as would 
be implied by the low filtration fraction in many patients in whom 
Tiud is still in the normal range Thus both factors—impotent 
nephrons and thickening of the glomerular membranes—could 
operate to increase the perfusion of residual functional tissue 
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Ficdre 147 Renal plasma flow m patients with diffuse glomerulonephritis m 
relation to diodrast Tm The mean normal lalue is shown extrapolated to zero 
{Earle, Taggart, and Shannon 5 “) 

merular lesion in figure 146, is also ineffective in increasing the 
renal plasma flow to the residual functional tissue, the ratio 
C D /Tmp being the same range in subjects with hypertension as 
in those with normal blood pressure Except perhaps m the verj 
late stages of the disease (Title below 60), it is impossible to 
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look upon hjpertension as a compensatory reaction serving to 
increase the renal blood flow in a scarred kidnej, much greater 
degrees of hjperemia exist in patients without hypertension and 
in whom the kidney has suffered little damage, 1 e renal hyperemia 
when present appears to be the result of functional disturbances 
in arteriolar tone 
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JDiodvast Tm in mg iodine pen mm 
Figure 148 Filtration fraction in patients with diffuse glomerulonephritis in 
relation to diodrast Tm The mean normal value is shown extrapolated to a 
2ero value of diodrast Tm (Earle, Taggart, and Shannon * M ) 

Reduction m filtration rate, coupled with normal or increased 
renal plasma flow, leads to a reduced filtration fraction, as shown 
in figure 148 There is a strong suggestion that hypertension may 
increase the filtration rate at a given renal plasma flow and thus 
increase the filtration fraction, despite the fact that it fails to in 
crease the plasma flow at a given degree of renal injury (as judged 
by reduction in Tmc), the two ideas are not incompatible, for in 
such glomeruli as are still available to perfusion hypertenston can 
raise the filtration rate but it cannot increase perfusion in oblit¬ 
erated tissue 

Since in the normal subject changes in renal plasma flow are 
not accompanied by proportional changes in filtration rate (ch 
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xv iii), the filtration fraction bears an inverse relationship to the 
perfusion ratio, Cd/Tihd, as shown in figure 113 on page 594 
When the filtration fraction is plotted against this ratio m sub¬ 
jects with nephritis, as in figure 149, it will be seen that the filtra 
tion fraction is characteristically low and the perfusion ratio itself 



Ficlre 149 Filtration fraction in patients with diffuse glomerulonephritis in 
relation to renal plasma flow per unit of tubular excretory tissue (diodrast Tm) 
The normal parameters are those given in figure 115 for basal conditions (hexa 
gon), the action of adrenalin and pyrexia] hyperemia (Earle, Taggart, and 
Shannon ,B ) 

is frequently high, this one diagram dramatically depicts the two 
significant functional changes reduction of filtration rate and 
hy peremia of the residual functional tissue This figure, and fig 
ures 146 and 147, can profitably be compared with figures 129, 
126, and 125, showing the normal relations and the functional 
changes in hypertensive disease where the kidneys are only sec 
ondanlj involved 

Earle and his coworkers were unable from their data to differ¬ 
entiate those patients who would recover from acute nephritis 
and those who were destined to pass into the chronic disease 
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Recovery or failure of recovery cannot be correlated with the 
degree of renal functional damage as measured by available meth 
ods, but apparently depends upon obscure immunological or other 
factors Where recovery occurs, renal function is restored, some¬ 
times slowly, sometimes rapidly, to normal Although in patients 
with chrome disease the filtration rate and Tiud tend to decline, 
in a few renal function may improve while under observation 
The authors suggest such cases may represent recovery from un 
detected exacerbations 

Hypertension is not necessarily related to a reduction of Titid, 
except that elevation of blood pressure appears more commonly 
late in chronic disease Diastolic hypertension did not occur regu¬ 
larly m the patients studied by Earle et al until Tmn was reduced 
to or below 20 mg of iodine 

Hilden 1000 1001 has reported urea and diodrast clearances (sub¬ 
cutaneous method) in 20 cases of acute and 26 cases of chronic 
glomerulonephritis In only 1 instance of the acute disease did he 
see an initial clearance more than 10 per cent above the mean 
normal value, though 12 patients had initial clearances within 
the range of 80 to 110 per cent of this mean In the rest, the initial 
clearance was low (24 to 80 per cent) and returned in the course 
of 1 to 3 months to the normal range 

In normal subjects, Hilden finds an average urea/diodrast clear 
ance ratio of o 12 (range o 106 to o 138) In observations made 
early in acute glomerulonephritis, this ratio was depressed m 18 
out of 20 patients, reaching a low value of o 043 The urea clear 
ance tended to recover toward the normal value more rapidly 
than the diodrast clearance, so that the clearance ratio rose, in all 
but 3 instances reaching the normal range Hilden attributes the 
reduction in this clearance ratio to impaired filtration, an inter¬ 
pretation which is consonant with the changes in the inulin clear¬ 
ance reported by Earle et al However, Earle (pers com ) finds 
that in some patients in the early acute phase, the urea/inuhn 
clearance ratio may be excessively reduced (o 27 to o 50) at very 
substantial urine volumes (o 62 to 6 09 cc/min ), a fact he attrib¬ 
utes to excessive back diffusion, and this possibility must not be 
overlooked m interpreting low urea clearances and low urea/dio- 
drast clearance ratios. 
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After recovery from the acute stage, the urea and diodrast clear 
ances and the clearance ratio were normal or near!) so m all ex 
cept one of Hilden s patients, who showed considerable impair 
ment after 115 days In another, a low urea clearance persisted 
after 91 days, implying permanent glomerular damage 

In the patients with chronic glomerulonephritis studied by 
Hilden, the urea and diodrast clearances ranged from normal to 
very low values In the two most severely affected patients the 
diodrast clearance was 2 per cent, the urea clearance 6 per cent 
of normal The urea/diodrast clearance ratio increased, in general, 
with deterioration of renal function, reaching values as high as 
044 The phenomenon perhaps reflects the fact that, as concen 
trating power is lost and the average inulin U/P ratio decreases, 
less urea is absorbed and the urea/inulin clearance ratio nses from 
its normal value of o 60 towards 1 o 

Hilden reports that the diodrast clearance is decreased to a 
lesser extent in patients with nephrosis (nephrotic ty pe) than in 
those with hjpertension (hypertensive type) 

Black, Platt Rowlands, and Varley ,M report mulin, urea, and 
diodrast clearances on 3 patients earl> in acute nephritis, with 
hematuria and hvpertension All clearances were subnormal, but 
the filtration fraction was again low (o J25,0118, and o 09), show 
mg excessive reduction of the filtration rate With recover), the 
inulin clearance and filtration fraction rose to normal in 2 patients 
in whom senal observations were made The authors believe that 
their data cannot be interpreted in terms of a Trueta bj pass 
They argue against decreased glomerular permeabilit) as explain 
mg the reduced filtration fraction on the grounds that inflamed 
capillaries are in general more permeable than normal, and the 
presence of albuminuria and hematuria implies increased perme- 
abilit) On the contrar), the glomerular lesion is such as to reduce 
the extensive filtering surface of the normal glomerulus but grossly 
to increase its permeability at limited points to protein and even 
blood The changes in the glomerular permeability coefficient are 
probably too great to warrant the application of hemodynamic 
equations to the problem of afferent and efferent tone 
A similar functional pattern is revealed in 9 patients with acute 
or chronic glomerulonephritis reported by Corcoran, Taylor, and 
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Page 432 The filtration fraction and Qu/Tmo ratio were con 
sistently low until terminal stages were reached, as judged by 
low values of Tmn 

Hogeman 10,4 records the following data on 51 men with acute 
nephritis * inulin clearance 92 ± 34 7, diodrast clearance 390 
±108, filtration fraction 0234 ±0064, renal blood flow 671 
zh 27 9, in 38 women these figures were 80 ± 32 6, 323 ± ill, 
o 252 ± o 072, and 539 ±192 The data show lower renal func 
tion in those patients with a systolic blood pressure above 160 mm 
Hg and a diastolic pressure above 100 mm Hg, in those with a 
blood NPN concentration above 40 mg/100 cc , and in those who 
failed to recover within 3 months It is interesting that the filtra 
tion rate averaged 78 9 in men and 69 2 in women with edema, 
and 99 8 in men and 94 3 m women without edema Those who 
did not recover within 3 months had generally lower clearances 

Hogeman’s data on chronic glomerulonephritis in 25 men give 
an average inulin clearance of 43 7 ± 27 9, diodrast clearance 
173 ± 116, filtration fraction o 270 ± 0079, and renal blood flow 
292 ± 200 In 23 women these figures were 44 9 ± 28, 172 =fc 103, 
o 280 dz o 084, and 270 ±168 The data show lower renal func 
tion when retinal changes are marked, when the systolic pressure 
exceeds 190 mm and the diastolic pressure 100 mm Hg, and 
NPN exceeds 40 mg/100 cc 

Of 4 patients studied in the acute phase by Earle et al , 3 showed 
relative hyperemia, as judged by a Cd/Tiud ratio more than 2<r 
above the normal mean Relative hyperemia was observed in 1 
of the 2 instances of exacerbation In subsequent studies Earle 
(pers com ) has observed a significantly high Cp A n/Tm PAH or 
Cpah/Thio ratio in 5 out of 10 instances of acute glomerulo¬ 
nephritis but in none of 3 exacerbations It appears that in some 
instances there is a phase of the disease in which there is marked 
renal hyperemia 

It has been held that pregnancy aggravates chronic glomerulo 
nephritis, but Wellen, Welsh, Taylor, and Rosenthal * m found 
that 2 patients completed their pregnancy and were delivered at 

‘Mean values are not very meaningful in describing renal function in pro¬ 
gress ve renal d sease but the data show reduction in function as reported by 
others 
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term of normal children without increase m hypertension or pro¬ 
teinuria and without evidence of abrupt progression of the renal 
lesion as the result of pregnane) Tm D , when examined 1 and 
2 }ears respectively after delivery, had decreased as compared 
with the values observed during pregnancy, but this decrease is 
consistent with the slowly progressive course of this disease 

In a series of 12 subjects with acute nephritis reported by 
Bradley,”' the mannitol clearance was below normal in all but 2 
(90 and 157 cc ), ranging from 13 8 to 84 8 cc The PAH clearance 
was reduced to a somewhat lesser extent, the filtration fraction 
as calculated from the unadjusted clearance generally being sub¬ 
normal (o 08 to o 17) However, Epau w as reduced in 7 out of 
9 subjects (0470 to 0829), the other 2 subjects (Ep\n of 094 
and 1 00) having recovered completely according to the clinical 
evidence Consequently the total renal plasma flow was sub¬ 
stantially greater in nearly all subjects than was indicated by the 
PAH clearance, and in some it had a high normal or supernormal 
value One subject, in whom Epah was 1 o, had the PAH clear 
ance of 1320 cc/min , nearly twice the normal value This renal 
h> peremia is reminiscent of the hyperemia known to accompany 
inflammation in other tissues, and may be related to the flank or 
back pain frequently present in the disease Whether renal edema 
is present or not is unknown 

It is clear from Bradley’s data that , as Earle, Taggart, and 
Shannon surmised, m chronic nephritis reduction of Ep\n raw 
lead to a wide discrepancy between the PAH clearance and the 
total renal plasma flow Tiwpah was determined in 8 subjects and 
was reduced in all but 1, though the data do not permit an infer 
ence with respect to the critical value of Tjupah (or of Cf) at 
which Epvn breaks More data are needed on this point 

Bradley concludes that the functional derangements can vn pnn 
ciple be correlated quite well with the renal pathological changes 
The glomerular capillary lesion results in the filtration of excessive 
quantities of albumin and globulin, and in proteinuria accom 
panied by frank bleeding with hematuria and the formation of 
red cell casts, even while the overall filtration rate is markedh 
reduced by thickening of the glomerular membranes and made 
quate perfusion of some glomeruli The resulting reduction in 
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filtration rate leads to azotemia, the extent of azotemia varying 
with protein metabolism, diuresis, edema, and other variables in 
fluencing the formation and excretion of urea Glomerular tubular 
imbalance leads to retention of salt and water and the formation 
of edema Hypoalbuminemia contributes to edema formation in 
some instances, but Bradley notes the evidence that acute ne¬ 
phritis reflects a widespread capillary disease in which increased 
capillary permeability probably contributes to edema formation, 
as attested, for example, by the appearance of facial edema with 
out evidence of significant retention of sodium and water He 
also emphasizes that heart failure, which may contribute to gen¬ 
eralized edema, may occur in the absence of hypertension, pos 
sibly because of specific injury to the myocardium He presents 
data on a boy of 17 in whom edema, hematuria, severe flank pain, 
proteinuria, and azotemia appeared 1 week before the rapid de 
velopment of cardiac failure (orthopnea, dyspnea, cyanosis, and 
pulmonary edema) with no great elevation of blood pressure, m 
dicating that the kidneys were the primary source of difficulty, 
the onset of heart failure only serving to exaggerate the difficulty 
The convulsive seizures and other neurologic disturbances that 
frequently appear during the course of acute nephritis are believed 
to arise as a result of hypertensive cerebrovascular disease and 
resemble the encephalopathic episodes observed in the course of 
essential hypertension Whether hemorrhage, vasospasm, edema, 
or possibly small thromboses are chiefly responsible remains dis¬ 
puted Bradley notes that the cause of hypertension in acute 
nephritis remains unexplained, and insufficient evidence is at hand 
to warrant speculation 

Edema is generally present at some phase of chrome glomerulo¬ 
nephritis, but its appearance is variable and inexplicable Acute 
sodium chloride loading in subjects without edema or heart failure 
does not generally lead to edema The excretion of potassium is 
increased, frequently at a rate in excess of filtration 299 

Hayman, Martin, and Miller 919 made post mortem counts of 
the number of glomeruli in the kidneys of patients dying with 
and without renal disease and correlated these with the pre exist¬ 
ing urea and creatinine clearances In chronic glomerulonephritis 
and malignant nephrosclerosis the clearances correlated well with 
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the number of functioning glomeruli The maximal specific gravitj 
decreased with the decrease in the number of glomeruli until the 
latter reached 700,000 to 800,000 per kidney, after which it re¬ 
mained fixed m spite of further reduction in the glomerular count.* 



Figure 150 Urea/inulin clearance ratio in 22 subjects with chronic glomerulo¬ 
nephritis in relation to the inulin U/P ratio Line A the relationship to be ex 
pected at urine flows of about 20 cc/mtn based on observations on the doe ,0 * 
Line B the best straight line through normal data (see fig 12) At any inulin 
U/P ratio, the fraction of urea reabsorbed is essentially the same (or slightly 
less) in the nephritic kidney at all stages of the disease as it is in the normal, 
showing that azotemia is due to decreased urea filtration rather than increased 
reabsorption (Chasis and Smith * M ) 


Chasis and Smith *“ examined the reabsorption of urea in 
22 subjects with chronic glomerulonephritis As noted elsewhere 
(ch i\), urea is invariably reabsorbed from the glomerular filtrate 
as the unne is increasingly concentrated in the tubules, whether 
the filtration rate is normal or reduced by disease The urea/inulin 
clearance ratio is the only,, reliable index of the extent of this reab- 
sorption, and because of the variability of urine flow this ratio 
* In certain acute infections and jaundice, both clearance and concentrating 
abiht) may be markedly reduced m spite of a normal number of glomeruli 
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can only be analyzed in terms of the inuhn U/P ratio At any 
inulin U/P ratio the reabsorption of urea in the nephritic kidney 
proceeds essentially as it would in the normal kidney, as shown 



Figure 151 Relationship of blood urea concentration to urea clearance (as 
per cent of normal) in 103 observations m patients with hypertension or glo¬ 
merulonephritis The urine volume was always above 1 5 cc/mm 
On a constant protein diet elevation of blood urea must begin with the first 
reduction m the urea clearance For all points on lines A and B the rate of urea 
excretion equals 24 and 8 mg/mm, respectively, representing the metabolism 
of 100 8 and 33 6 gm of protein per day (Goldring and Chasis 7M ) 

in figure 150 As concentrating power is lost with advancing disease 
and the modal mulm U/P ratio decreases, the extent to which 
urea is reabsorbed decreases so that the urea/mulin clearance ratio 
approaches 1 o There is no evidence of increased back diffusion 
of urea (excessively low urea/inulm clearance ratio) in the sub 
jects with chronic glomerulonephritis examined by Chasis and 
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Smith (no cases of acute nephritis were studied). Excluding the 
functional change in the urea/inulin clearance ratio which issues 
from diminishing concentrating power (decreased inulin U/P 
ratio) as the disease progresses, the elevation of the plasma urea 
may be viewed as solely a result of the reciprocal relationship (at 
a constant level of protein metabolism) between the plasma urea 
concentration and the urea clearance. The relation between the 
plasma urea concentration and the urea clearance is the simple 
one that the product of the plasma urea concentration in mg/cc. 
times the urea clearance in cc/min. must equal the rate of excre¬ 
tion, m r , in mg/min. On a constant protein diet, the last term is 
itself constant, and hence P X UV/P = k. If P is plotted arith¬ 
metically against UV/P a rectangular hyperbola is obtained, or 
when the two terms are plotted logarithmically, the resulting 
curve is a straight line, as in figure 151. It is consonant with this 
interpretation that Govaerts (Festschrift for Thomas Addis') 4,4 has 
found that the urea/creatmine clearance ratio is maintained 
within the normal range in chronic nephritis, whereas in mercury, 
bismuth, uranium, and oxalate intoxication, all of which involve 
specific tubular injury, this ratio falls to very low’ values, indicat¬ 
ing back diffusion of urea with doubtless complete loss of total 
urine through more severely injured nephrons. 

RENAL RESERVE 

The statement is sometimes made that the blood urea concentra¬ 
tion rises above normal only after the urea clearance has fallen 
to 40 per cent of its normal value or below 1 , implying that 60 per 
cent of the renal parenchyma must be destroyed before there is 
an abnormal accumulation of urea in the Wood. This statement 
js not only clinically misleading but wholly inaccurate. We can¬ 
not speak of any ‘renal reserve* in the process of filtration generally 
or the excretion of urea specifically; so long as nitrogen metabo¬ 
lism * and total body water remain constant and nitrogen equi¬ 
librium obtains, the blood urea must vary inversely with the urea 
clearance from the very’ first reduction in the latter.*” The ‘nor¬ 
mal * whole blood urea nitrogen may be taken as ranging from 5 

* The rate of urea production in the dog is markedly increased during hydra¬ 
tion, (or unexplained reasons ,M ‘ 
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to 23 mg/100 cc , in the great majority of persons between 8 and 
18 mg/100 cc , lon 1597 and, if this fact is ignored, a 100 per cent 
increase in the level of blood urea will be ignored In addition, 
however, variation in nitrogen metabolism and in water intake, 
the latter operating through changes in urine flow, may cause 
significant variations in the level of the blood urea independently 
of the status of the kidneys It is possible to alter the level of 
the blood urea substantially by varying the protein intake, the 
value of the urea clearance remaining unchanged The average 
blood urea concentration of 10 medical students on a mixed diet is 
reported by Addis, Barrett, Poo, and Yuen 17 as 33 mg/100 cc , 
on o 5 gm of food protein per kg of body weight per day, the 
average was 19 mg , on 1 5 gm of protein 39 mg , and on 2 5 gm 
of protein 45 mg/100 cc Peters and Van Slyke 1597 estimate that 
m normal subjects the ratio gm of nitrogen metabolized per day 
mg of urea nitrogen per 100 cc of blood averages approximately 
1 1 The problem is somewhat complicated by the facts that the 
mean urea clearance over a period of 24 hr tends to increase up 
to a certain level with the protein intake (o 3 to 2 4 gm/day per 
kg) without change in the fraction of urea reabsorbed, that on a 
high protein diet the urea itself promotes diuresis and reduces re- 
absorption, and that short period urea clearances do not exactly 
reflect 24 hr excretion m6 But, m the simplest calculation, if one 
takes the average protein metabolism as 50 gm/day, the urea pro¬ 
duction would be 16 gm/day, at an average urea clearance of 50 
cc/min (at average urine flows) the plasma urea concentration 
should average 11 mg/100 cc Reducing the urea clearance by 
one half would only double this value It is obviously impossible, 
in view of variations in protein metabolism and diuresis, to detect 
a 50 per cent reduction in renal function by the increase in plasma 
(or whole blood) urea concentration Goldring and Chasis 795 have 
shown that the blood urea can be elevated from 52 to 276 mg/100 
cc by varying the protein intake from 13 to 238 gm/day Children 
particularly frequently have disturbances (anorexia, vomiting, and 
diarrhea) which markedly influence urea production, filtration 
rate, and urine flow, and it may be expected that the level of 
blood urea will for these reasons alone show such variations as 
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will obscure the true inverse relation between the blood urea and 
the urea clearance. 

UREMIA 

Terminally, concentrating power is lost and the specific gravity of 
the unne becomes fixed between 1.008 and 1.012. All clearances 
are reduced, leading to azotemia. Death, if not causal by inter¬ 
current infection or other extrarenal disturbance, occurs from 
severe imbalance in the composition of the body fluids (edema, 
acidosis, hyponatremia, hypokalemia, hyperphosphotemia, etc.) 
complicated by anemia, circulatory disturbances, and other fac¬ 
tors of unknown nature. Correction of anemia does not lessen or 
increase the seventy of uremic manifestations or influence the 
progress of the disease.*® 1 

The terminal state in renal failure is known as uremia, an ex¬ 
pression histoncally derived from the early recognition of elevated 
blood urea concentration. The retention of urea itself, however, 
does not account for the toxic manifestations and physiological 
disturbances of renal failure, and the actual cause of death must 
be conceived as complex and possibly representing the summated 
action of numerous physiological disturbances, no one of which 
may be lethal in itself and no one of which is consistently pre¬ 
dominant in the uremic state. 12 * 227 ,m In a lesser proportion of 
cases, heart failure, cerebral hemorrhage, or cerebral thrombosis 
issuing as sequelae from persistent hypertension and arteriolar 
disease may be the immediate cause of death. 

Winkler, HofF, and Smith ,KLI;37 have shown that, in animals 
rendered anuric by nephrectomy or ureteral ligation, death regu¬ 
larly results from the extracellular accumulation of potassium to 
levels that are cardioroxic. With marked reduction in the filtra¬ 
tion rate, the potassium clearance may be inadequate to balance 
the intake and the plasma level may nse to abnormal values such 
as threaten the life of the patient. Death in man may occur, how¬ 
ever, in the presence of a norma! or low plasma concentration of 
potassium and be due to causes quite unrelated to disturbances 
of potassium metabolism. Nevertheless the administration of po¬ 
tassium is contraindicated in any patient with anuria or oli¬ 
guria. ”* ie ” 

Earle (pers. com.) finds that the potassium concentration tends 
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to increase in both acute and chronic glomerulonephritis when the 
filtration rate falls below 50 cc In 45 observations on 21 patients, 
the plasma potassium concentration was above normal (1 e above 
5 1 mEq/liter, a value 2<r above the mean normal of 44) m 18 
out of 29 observations made when the filtration rate was below 
50 cc , while 2 were below normal (3 7 mEq/liter) In no case was 
the potassium concentration high enough to be of serious conse¬ 
quence, the highest figure being 6 7 mEq/liter however, only 5 
of the observations could be classified as being made in the ter 
minal phase (filtration rate below 10 cc) Whereas normal sub 
jects on normal potassium intakes excrete less than 20 per cent 
of the filtered potassium load in 22 of the 29 observations cited 
this figure exceeded 20 per cent Excretion exceeded filtered load 
(indicating tubular excretion) in 2 patients, one of whom was in 
the terminal phase The other patient however, was unique in 
that he suffered from hypokalemia owing to a defect in the renal 
tubules Tubular excretion could readily be demonstrated in this 
patient when the filtration rate was as high as 70 cc 
Leaf and Camara 1,19 report that in 24 hr clearances in 4 pa 
tients with advanced nephritis, the potassium/endogenous creat 
mine clearance ratio averaged 1 41 in 8 observations, with a 
range from lit to 1 64 In one of these subjects, maintained on 
a diet containing 68 mEq/day of potassium, this clearance ratio 
averaged 1 91 m 8 observations, with a range of 1 78 to 2 01 
(Cannamide was without effect on the clearance ratio ) Had po¬ 
tassium excretion been limited to that which was filtered only, 
the subject would have been retaining nearly 30 mEq/day and 
could not have survived long Thus the authors conclude that, 
whatever the mechanism of predominance of potassium tubular 
excretion over reabsorption in advanced renal disease, it is im 
portant in preventing potassium intoxication, and may even reduce 
the plasma concentration to subnormal levels 

PROTEINURIA IN NEPHRITIS 

The appearance of protein in the urine is characteristic, though 
not invariable, in glomerulonephritis That the urinarj protein is 
derived from plasma protein by filtration has been established b> 
studies on protein excretion in the normal kidney (ch vnri The 
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question remuns to be answered how much protein is normallv 
filtered and reabsorbed and to what extent filtration is increased 
m renal disease It is improbable, however, that proteinuria is 
ever attributable solelj to decreased tubular reabsorption 

Jens Bing, 15 * from his own studies and those of others, con 
eluded that total protein and albumin excretion in a particular 
subject examined over a short time varied proportionally with 
the creatinine clearance (and in general with the urea clearance),* 
while the protein concentration in the urine varies with the ere 
atininc U/P ratio, these relations being unaffected b> water di 
uresis, urea diuresis, or pitressin antidiuresis It is therefore ir 
rational to report proteinuria in terms of urine concentration, 
the onl) meaningful figure being the rate of excretion, UV, and 
the most v aluable datum, of course, the "4 hr excretion Albu 
mm predominates in the urine, but changes in the albumin/glob- 
uhn ratio of the plasma are reflected b\ similar changes in the 
urine, though the relative quantities of these proteins in the 
unne var) wndel) from patient to patient Protein excretion is 
general!) greater during the da) than the night Total protan 
excretion in an) one subject tends to parallel the filtration rate 
and plasma protein concentration, but it is increased on a high 
protein diet and decreased on a low protein diet without changes 
in filtration rate, the factors underl)ing this relationship being 
obscure 111 5 ,,M 

Mam clinical studies afford information on the relationship of 
proteinuria to the life histor) of renal disease, ,4 - 1,7 *** m* isn ms 
but as ) et the) have failed to clanf) the relative importance of 
filtration and tubular reabsorption 

THE NEPHROTIC SYNDROME (NEPHROSIS) 

The nephrotic syndrome designates the occurrence (most impor 
tantl) in children in the age group of 1 to 6 ) ears) of gross edema 
proteinuria, and hypoalbuminemia, usuall) with hypercholestero¬ 
lemia and lipemia, frequentl) appearing in the absence of hyper 
tension and hematuria m *«•»»**.»«* The syndrome accompanies 
renal am)loidosis, mtercapillar) glomerulosclerosis, disseminated 
lupus er) thematosus, occasionall) the course of s> phihs and renal 

* The excretion of cholesterol in cholesteroluna also parallels these clearances 
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vein thrombosis It does not occur in other renal involvements 
such as pyelonephritis, arteriolar nephrosclerosis, or essential hy¬ 
pertension, this negative fact having some significance with respect 
to etiology In the absence of a specific diagnosis, it is considered 
by some investigators to be a distinct disease entity, pure, genuine, 
or lipoid nephrosis, those who hold this view accept that glo 
merulonephritis (hematuria, hypertension, and azotemia) may be 
superimposed upon pure nephrosis or that the nephrotic syndrome 
may terminally result in a state of renal insufficiency clinically and 
pathologically indistinguishable from chronic glomerulonephritis 
In this view, differentiation between the nephrotic syndrome and 
the nephrosis of amyloid disease, intercapillary glomerulosclerosis, 
lupus erythematosus, etc (diseases occurring in adulthood and not 
in the first decade), must depend on basic diagnosis Others believe 
that nephrosis is but one aspect or phase of glomerulonephritis, 
and that failure to identify it as such is attributable to the absence 
of evidence of antecedent infection or the absence of clinical evi 
dence of the initial attack of acute glomerulonephritis In the 
latter view, the nephrotic syndrome may follow directly upon 
acute glomerulonephritis or after a latent asymptomatic period, 
or acute glomerulonephritis may go unrecognized and the ne¬ 
phrotic syndrome may suddenly appear in an otherwise well child 
In seventy the nephrotic syndrome may vary from a benign 
affliction to one in which there is severe anorexia and diarrhea, 
acute or chronic infection and incapacitating anasarca, with pro 
tem excretion amounting to io to 20 gm/day usually accompanied 
by abundant protein casts Patients with the nephrotic syndrome 
may develop renal insufficiency insidiously or after the frank 
nephritic manifestations of hematuria and hypertension, and die 
of infection or renal failure In a significant number, however, and 
particularly in children, the disease runs a course of a few months 
to s years, marked by spontaneous remissions, and is self limited 
A second episode, once recovery is effected, is not authenticated 
In the absence of renal insufficiency, the pathological changes 
in the kidney may be so slight as to escape definition diffuse 
thickening of the basement membrane in the glomeruli with mul 
tiplication of the mesangium is perhaps the most basic change 
Pathological interpretation is complicated by the circumstance 
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that milder cases are not fatal In more severe cases, the most 
characteristic feature is marked sw elling of the cells of the proximal 
tubule (perhaps a ph)siological reaction to the extensive reab- 
sorpoon of protein which passes into the unne as a result of in¬ 
creased glomerular permeability) and accumulation of excessive 
quantities of fat in the form of doublj refractile droplets in these 
cells, this latter circumstance giving the sjndrome the name of 
lipoid nephrosis This fat accumulation appears to result from 
deranged metabolism rather than tubular reabsorption, since there 
are no free lipids excreted in the unne * m 
Since hypoproteinemia is charactenstic of the nephrotic sjn 
drome, it is of interest that O Lear> and Corson ,M * found that 
reduction of plasma proteins from 61 to 3 3 gm/100 cc in dogs 
bj a low protein diet and repeated plasmapheresis had little effect 
on the filtration rate or renal plasma flow f The filtration fraction 
decreased slightly (from o 33 to o 28) It seems to be generalh 
true that changes in oncotic pressure, like changes in arterial 
pressure, are not directl> reflected in changes in renal function 
because the) are vvholl) offset b> autonomous changes in the 
renal circulation, or b) changes in the latter brought about b) 
factors the nature of which remains unknown 

Such unknown factors are clearly operating on the renal cir¬ 
culation in nephrosis, because a notable feature of renal function 
in nephrotic children is a tendenc) to increased glomerular ac¬ 
tivity Tarr •** found that the urea clearance possesses a degree 
of lability far exceeding that observed in normal adults, or in 
children or adults with decreased urea clearances Protein intakes 
of o 5, 1, 2, 3, and 4 gm/kg per dav were accompanied b> average 
urea clearances of 73, 88, 178, 184, and 216 per cent of the mean 
normal value The creatinine clearances vaned in a similar man 

* Olive oil and bone marrow fat maj be excreted in the unn* of dogs and 
guinea pigs after intravenous administration, but the role of embolic mjurj is 
not ruled out ” In general there is no evidence that lip ds pass m any sg 
nificant quantity throuch the glomeruli or are excre'ed b> the tubules 

f It must be noted, however, that a symmetrical reduction in plasma proteins 
is not equivalent to the excessive reduction in albumin concentration which 
occurs m the nephrotic syndrome, where the latter may be d“crea«ed to 0.4 
gm/100 cc This is particularly important since alb jmin has about 4 times the 
oncotic pressure of globulin per gm of protan 
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ner Urea was without effect This lability is less frequently ob 
served in nephrotic adults or children over io years of age Emer¬ 
son, Futcher, and Tarr 605 found that the urea clearance is fre¬ 
quently increased for periods of one or more months to 140 per 
cent or more of the normal, and in one child observed by^them 
it was consistently elevated to between 200 and 300 per cent of 
normal for 6 years They found that the inulin clearance is ele 
vated as much as or more than the urea clearance, the urea/inulin 
clearance ratio remaining within the normal range in most ob 
servations * The intravenous administration of casein hydrolysate 
to patients with low clearances did not increase the filtration rate 

The creatinine/mulin clearance ratio in 3 children with high 
inulin clearances (193, 171, and 233 cc ) averaged 1 55, 1 76, and 
1 33, in 2 recovered children with normal inulin clearances (117 
and 151 cc ) this ratio was 1 50 and 1 22, in 3 children with low 
inulin clearances (138, 123, and 174 cc) the ratio was 1 20, 
1 32, and 1 16 The endogenous creatinine chromogen/inuhn clear 
ance varied widely below and above 1 o, but the data are com 
plicated by an uncertain correction for non creatinine chromogen 
in the Folin creatinine method 

Emerson and Dole 803 report that in 4 nephrotic children the 
elevated filtration rate is accompanied by increased renal blood 
flow The average diodrast clearances were 766, 622, 1046 (1232 
on the same subject on another occasion), and 884 cc The cor¬ 
responding inulin clearances were 178, 200, 216 (270), and 197 
The data leave no question that, in the hyperfunctional stage, 
both renal blood flow and filtration rate may be increased to an 
extent not observed in other clinical conditions and which can 
not be achieved by the administration of any known agents f The 
urea/mufm clearance ratios do not appear to be unusual 

Supernormal filtration rates are also reported by Galan 733 in 
some children with nephrosis, though the average figure, 133 

* Despite a marked tendency to increased filtration rate, it must be empha 
s zed that in general renal function is reduced in nephrotic children in much 
the same manner as in chronic glomerulonephritis 

t The filtration rate does not increase m this manner tn pyrexial hyperemia 
Equivalent but transient increases in renal blood flow are, however, immedi 
ately induced by the intravenous administration of concentrated human plasma 
albumin 
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± 47.3 cc.,* is identical with that writer’s normal series (133 
± 14.9 cc.). The average diodrast clearance was slightly greater 
than normal (793 rfc 183 as compared with 695 ± 183 cc.), the 
filtration fraction slightly lower (0.17 ± 0.06 as compared with 
0.19 ± 0.02). Tm D averaged 57.3 ±17 (normal 53 11 mg. of 

iodine). It is of interest that Tidg, which Galan and his cowork¬ 
ers 7,5 have shown to be supernormal in children (on a surface 
area basis), has a slightly greater value in nephrosis, 577 ± 164 
mg. (normal 543 ± 129). Cd/T m© averaged 14.06 ± 2.18 (nor¬ 
mal 15.26 ±6.4), Qv/TmD 2.63 rfc 0.7 (normal 3.01 0.64), 

Cix/Tmc 0.201 (normal 0.395). There were no significant differ¬ 
ences in these figures when edema was present or absent. The 
author emphasizes his view that increased reabsorption of sodium 
is important in the genesis of nephrotic edema,f and contrasts 
the maintained or elevated filtration rate with the reduced rate 
observed by him and others in chronic nephritis. 

Luetscher ,s ” reported a single patient in whom the intravenous 
injection of 25 gm. of human plasma albumin increased the man¬ 
nitol clearance from 101 to 177 cc. The albumin clearance in¬ 
creased proportionally (0.39 to 0.66 cc.), and in other observa¬ 
tions the 24 hr. clearance remained constant, irrespective of plasma 
albumin level. 

The decreased colloid osmotic activity of the plasma may facili¬ 
tate the development of edema but is not the sole factor deter¬ 
mining the presence or absence of clinical edema. Luetscher 1IK 
has found that the repeated administration of concentrated human 
serum albumin to patients with nephrosis increases the concentra¬ 
tion of albumin and the oncotic pressure of the plasma, but the 
measure is frequently ineffective in increasing the excretion of 
salt and water. Spontaneous diuresis differs from the diuresis in¬ 
duced by the administration of albumin in that the plasma volume 
and protein concentration may change only slightly during spon¬ 
taneous diuresis, while the proportion of sodium reabsorbed is 

* It may be repeated that average figures in renal disease have little mean¬ 
ing In nephrotic children, renal function may swing in short periods from su¬ 
pernormal to subnormal lev els and back again. 

|As noted elsewhere, his calculation of ‘chloride Tra’ reveals only that 
chloride excretion is reduced 
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Ficure 152 The relationship between plasma albumin concentration and 
(above) the albumin/endogenous creatinine chromogen clearance ratio and (be 
low) albumin excretion in a 5 year-old nephrotic child 
The first clearance period (highest Palb) began at 6 a m on the day after 
the last dose of albumin (37 5 gm ) B> this time most of the disturbing effect 
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diminished even more than after albumin therapj Luetscher con 
eluded that excessive reabsorption of sodium is independent of 
the total circulating protein 

Under acute sodium loading, nephrotic subjects with normal or 
onl> moderateh reduced filtration rates respond with poor sodium 
excretion, sodium and water continuing to be reabsorbed to exag 
gerate the edema *** 

Eder, Chmard, Grief, Cotzias, Hiller, Van Sl\ke, and Lauson 
(pers com ) s,s it9 have utilized the endogenous creatinine chro¬ 
mogen clearance to follow selected patients on an around the- 
cloch basis, repeating their studies during edema formation, during 
spontaneous or albumin induced diuresis, and in an after period 
of either edema reaccumulation or sustained well being From 
these studies the) visualize the sequence of events as follows 
albuminuria leads to hvpoalbuminemia and a reduction in plasma 
and blood volume, h>povolemia in turn leads to renal ischemia 
and decreased filtration rate, which in turn leads to excessne con 
servation of sodium chloride (and water) and to edema formation 
Where edema occurs in the presence of normal or increased filtra 
tion rate, the) believe that there ma) be a corresponding increase 
in tubular activit) The possible role of increased adrenal cortical 
activity and of antidiuretic substances from the pituitar) (^DH) 
or liver (VDM) is considered but left an open question 

The clearance of albumin in one subject was found to be essen 
tiall) constant at about I cc , and independent of plasma concen 
tration when this decreased slowl) from i to o 4 gm/100 cc 
during 3 weeks after cessation of albumin therap) (fig 15a) The 
albumin/endogenous creatinine chromogen clearance ratio re- 

of the acute increase in plasma volume had passed In the first study (circles), Z 
complete round the-cloch days were measured and on 4 other days morning 
periods only »ere obta ned. These correspond to plasma albumin concenrra 
tions of 0.4, 065, 1 o, and 1 15 gm/100 cc. In the second study (dots), the pa 
tient had improved cl nically Three round the-cloch. studies were obtained at 
this time 

The data indicate, first that the albumin clearance is independent of the 
plasma albumin concentration and hence U>tr\ increases in proportion to 
Palb Second, the permeability of the glomerular membranes was reduced about 
half in association with clinical improvement between December 1948 and Mav 
1949 (Eder, Chmard, Grief, Cotzias, Hiller, \an Slyhe, and Lauson pers 
com **’) 
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mained in the range of o 025 to o 030 Repetition of this study in 
the same patient 5 months later, when she had improved clinically, 
gave the same relationship, with an average albumin/chromogen 
clearance ratio of 0012 Data in 4 additional patients were con 
sistent in this respect Since there was no tendency for the albumin 
clearance to decrease at even the lowest plasma concentration, 
albumin excretion does not appear to issue from the circumstance 
that the filtered load exceeds a limited reabsorptive capacity, or, 
if there is a limited reabsorptive capacity, it is small in comparison 
with the filtered load 

The authors believe that an increase m the permeability of the 
glomerular membrane is responsible for proteinuria When the 
plasma albumin concentration was raised to 1 94 gm/100 cc in a 
nephrotic child, the concentration in the glomerular filtrate (as 
suming no tubular excretion) must have been at least 125 mg/100 
cc, as calculated from albumin excretion in mg/min divided by 
the inulin clearance By proportion, this would mean the presence 
of 260 mg/100 cc of albumin in the glomerular filtrate at normal 
plasma albumin concentrations Similar calculations in other cases 
give values of the order of 115 to 305 mg/100 cc , all values much 
higher than those found by direct analysis of normal glomerular 
fluid in mammals The magnitude of albumin excretion seems 
therefore to be related to the filtration rate In some instances, 
for several hours following the infusion of albumin, the albumin 
clearance increased more than did the filtration rate This phe¬ 
nomenon was correlated with an acute expansion of plasma vol 
ume, and may represent a phase of increased glomerular perme 
ability induced by albumin administration 

With the decrease in plasma albumin concentration consequent 
to proteinuria, water and other solutes move from the plasma to 
the interstitial compartment, leading to a reduction in plasma 
and blood volume Semi measurements indicate that reductions 
of 20 to 30 per cent in plasma volume may occur during edema 
accumulation When the plasma volume decreases rapidly as a 
result of a spontaneous, sudden increase in proteinuria, sjmptoms 
of mild circulatory insufficiency, such as faintness, sweating, and 
thirst, may appear, particularly in the upright posture 
Reduction m plasma volume was usually accompanied by a 
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decrease in renal plasma flow and filtration rate and in the excre¬ 
tion of salt and water. Where the reduced plasma volume was re- 
expanded by administration of albumin, moderate increases in 
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Figure 153. Sodium excretion for each period during 6 days before, during 
and after a course of albumin treatment in a 5-year-old nephrotic child, in re¬ 
lation to the endogenous creatinine chromogen clearance. It is obvious that 
sodium excretion stops at a critical chromcgen clearance of about 25 cc/min. 
(Eder, Chinard, Gnef, Cotzias, Hiller, Van Slyhe, and Lauson, pers. com. 11 ') 

the filtration rate occurred in most instances. Analysis of many 
periods showed a good correlation between the increased excre¬ 
tion of salt and water and the increased filtration rate (fig. 153), 
and failure to achieve diuresis and chioruresis following albumin 
administration correlated with failure to raise the filtration rate 
in spite of plasma volume expansion. It was only after edema had 
completely disappeared as a result of albumin therapy that sig¬ 
nificant exceptions were noted; then moderate increases in plasma 
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volume and filtration rate following albumin infusion sometimes 
failed to be accompanied by an increase in salt and water excre¬ 
tion. It may be noted that albumin administration in normal 
subjects may have little effect on the filtration rate and may 
decrease sodium excretion. 812 

Despite the general correlation between filtration rate and so¬ 
dium excretion, edema may occur in nephrotic patients who have 
a normal or even supernormal filtration rate. Eder et al. believe 
that this circumstance is related to supernormal reabsorption 
capacity on the part of the tubules. There is no way at the present 
time to evaluate tubular function with respect to sodium reab- 
sorption in man, but that tubular function may be increased in 
such patients with supernormal filtration rates is indicated by the 
fact that, in a few instances examined, Tmp A H and TmG were 
elevated more than were the filtration rate and PAH clearance, 
leading to low functional ratios; in 3 patients, CpAH/Tm PA H was 
5 - 9 3, 3.56, and 7.06 (normal 9 18); C F /Tmp AH was 0.856, 0.945, 
and 1.17 (normal 1.72). It may be noted that Eder et al. confirm 
the supernormal values of Tmo reported by Galan 7,< in nephrotic 
children; in the two instances examined they report Tmc to be 
679 and 603 mg. (normal adult male figure 375 ± 79.7 mg.) and 
Citf/Tnio to be o 187 and 0.257 (normal o 371 d= 0.05). 

Whether the excessive filtration and reabsorption of protein in 
the nephrotic syndrome injures the renal tubules remains a moot 
question. 12 However, Eder et al. observed one 19 year old girl in 
whom renal function completely recovered after 6 weeks of daily 
albumin administration. She excreted about 50 gm/day for over 
3 weeks, and some urine specimens contained over 10 gm/100 cc. 

Metcoff, Kelsey, and Janeway (pers com.), from studies of 25 
children 15 months to 14 years of age, arrive at the tentative 
belief that the several forms of the nephrotic syndrome may be 
interpreted physiologically as three successive phases of a single 
diffuse renal disease. The initial phase, lasting 1 to 2 months, is 
characterized by decreased filtration rate, normal or increased 
renal plasma flow and Tm PA Hi and decreased filtration fraction. 
Clinically, the acute onset of this phase without hematuria, hy¬ 
pertension, or azotemia has been designated ‘acute nephrosis/ 
whereas if microscopic hematuria or slight azotemia is initially 
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present the clinical diagnosis may be ‘tubular’ or ‘mixed’ nephritis. 
Usually the initial stage is followed by a second phase, lasting 
several months, in which the filtration rate may be increased or 
decreased. If there is a supernormal filtration rate or urea clear¬ 
ance, minimal or absent hematuria, and no azotemia, a diagnosis 
of‘true’ or ‘lipoid’ nephrosis may be made; if hematuria and slight 
azotemia persist in the presence of a reduced filtration rate and 
urea clearance, the clinical classification may be ‘subacute glo¬ 
merulonephritis.’ Physiologic and clinical recover)' may follow. 
If recover)' does not occur, progressively decreasing renal function 
ushers in the last phase, which is associated with the obvious evi¬ 
dences of severe renal damage, including acidosis, anemia, con¬ 
tinued hematuria, azotemia, and hypertension, signs which would 
be considered as manifestations of the ‘nephrotic syndrome of 
chronic glomerulonephritis’ or ‘degenerative nephritis.’ According 
to these workers, the extent and type of functional impairment 
is determined by the severity of renal response and duration of 
the disease, rather than the age at or mode of onset. 

Shorr, Zweifach, Mazur, and Payne (pers. com.) report that 
VDM is greatly increased in the peripheral blood in the nephrotic 
syndrome of glomerulonephritis (as well as in decompensated he¬ 
patic cirrhosis with edema and ascites and in congestive heart fail¬ 
ure with edema). VDM was also increased in all the edema fluids. 
In these instances the concentration of VEM is not increased. 

The dietary restriction of salt remains the most effective means 
of controlling the edema of renal origin, though recent studies 
indicate that diuresis may occur following the oral administration 
of sodium lactate, sodium acetate, or potassium acetate. 

The intravenous administration of salt-poor human serum al- 
p'ltdkWCts Kvmpttvrf dva7*s>\s w» ite Wit-VwA? pidtste 
in the nephrotic phase, but this does not seem to influence the 
course of the disease. 

Gum acacia has been shown to be an effective diuretic agent 
in the edematous state, but prolonged hepatic retention of this 
compound and signs of toxic action contraindicate its use. 1 * 1 * 

It is of particular interest that induced measles may produce a 
prolonged remission with complete diuresis and disappearance of 
proteinuria in patients with lipoid nephrosis or in the nephrotic 
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stage of chronic glomerulonephritis, confirming a long record of re 
missions observed during accidental infection 198 1069 1429 1743 Chasis, 
Goldnng, and Baldwin 355 have found that therapeutic doses of 
HN2 reduced proteinuria in 3 patients in the nephrotic stage of 
chronic glomerulonephritis and produced diuresis in I, with un 
changed or increased filtration rate, indicating that temporary re 
versal of the renal manifestations of human glomerulonephritis 
can be induced by this compound The mechanism of the action 
of HN 2 is unknown 


MASUGI NEPHRITIS 

As first shown by Lindeman (1900), Pierce (1903), and Masugi 
(1912), the intravenous injection into rats, rabbits, and other 
mammals of antiserum prepared from homologous kidney may 
incite acute and sometimes progressive renal lesions resembling 
glomerulonephritis The antigen is apparently glomerular in origin, 
whereas all other cortical components are antigemcally inert 854 
A similar reaction follows the injection into rats of rabbit anti 
rat placenta serum, and the injection of heminephrectomized rab 
bits with purified bovine serum gamma globulin To what extent 
Masugi or nephrogenic nephritis bears upon the origin of acute or 
glomerulonephritis is undetermined 1140 1476 1817 m * 

Fouts, Corcoran, and Page 483 prepared an anti dog kidney 
serum by the injection of sterile emulsions of dog kidney into 
chickens Injection of such sera into dogs, after a latent period 
of 6 to 10 da> s, produced hematuria and proteinuria One or two 
days before proteinuria reached its peak, the phenol red clearance 
was at or above control levels, while the inulin clearance was de 
pressed The inulin clearance continued to decrease during the 
next 6 to 12 days, and terminally the phenol red clearance also 
decreased E PR was decreased at the peak of the reaction, but 
the creatimne/inulm clearance ratio did not fall below 1 o The 
authors conclude that, early in the nephrotoxic response, renal 
hyperemia occurs, accompanied by thickening of the glomerular 
membranes, as glomerular swelling increases, the capillaries be 
come occluded so that the renal blood flow decreases Hematuria 
occurs at the onset of the reaction, but is apparently not related 
to hemol) tic or anaphylactic reactions that follow the injection of 



868 DISEASES OF THE KIDNEY AND URINARY TR VCT 

sera The course of the anemia subsequent to the earlv hemoly tic 
reaction suggests depression of bone marrow activity 
Moses and Thornton 14,9 prepared nephrotoxic sera in rabbits 
b> the mtrapentoneal injection of minced dog kidney On admin 
istration of such sera to normal dogs, after a latent period of 6 to 
12 days, there followed a consistent decrease in urea and creatinine 
clearances with only minor variations in renal blood flow There 
was complete loss of tubular capacity to excrete PAH, and in sev 
era! instances PAH excretion fell below the rate of its filtration, 
indicating bach, diffusion Biopsy specimens revealed only mod¬ 
erate glomerular and tubular damage 

HI POSTHENCRIA AND ISOSTHENURIA 

Impairment or loss of concentrating power is encountered in a 
v anet> of conditions such as acute and chronic glomerulonephritis, 
arteriolar nephrosclerosis, chemical poisoning, prostatic obstruc 
tion, pyelonephritis, polycvsdc kidney, renal trauma, severe ane 
mia, periarteritis nodosa, lupus ery thematosus, etc Consequent, 
the specific gravity of the urine under standard conditions of de 
hydration is a useful if nonspecific test for renal damage It is 
probable that the hyposthenuria of chronic glomerulonephritis and 
malignant nephrosclerosis, where functional renal tissue is great!* 
reduced, has a different physiological basis than that observed in 
conditions in which renal function is disturbed but severe renal 
injury has not occurred Complete loss of concentrating paw er in 
renal disease represents in general an advanced and irreversible 
destruction of a large proportion of nephrons, whereas m other 
conditions it may represent only a reversible functional dis¬ 
turbance 

Late in the course of renal disease and frequently dissociable 
from the appearance of hy^posthenuna, the capacitv of the kidnev 
to elaborate a dilute unne is lost and the specific grant} becomes 
fixed in the range l oio (isosthenuria), i e equivalent to that of the 
glomerular filtrate or slightly higher because of albuminuria 

Numerous theories have been advanced to explain the hypos¬ 
thenuria and isosthenuria of renal disease *“ Fremont-Smith and 
his coworkers m first suggested that with progressive renal disease 
a large volume of filtrate is formed in a small number of glomeruli, 
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thus leading to flooding of the tubules In current terms, this 
would be equivalent to osmotic diuresis effected by an increased 
load of filtered sodium chloride, resulting m overloading of the 
distal tubule with respect to both sodium and water and a conse 
quent reduction in the osmotic pressure of the urine However, 
one might expect a priori that the distal reabsorption of both 
sodium and water, because they involve osmotic work, would be 
very sensitive to anoxic or other injury The fact that concentrat 
ing power is lost in so many circumstances suggests that the distal 
reabsorption of water is more readily impaired, and that only 
later, when isosthenuria has developed, is distal reabsorption of 
sodium markedly reduced 

Hayman, Shumway, Dumke, and Miller 941 examined the in 
creased glomerular filtrate hypothesis by observing the conse 
quences of subtotal nephrectomy in dogs, an operation which leads 
to polyuria and hyposthenuria in this and other species iU Ap 
proximately one third of the right kidney was excised, and 2 to 
6 weeks later the left kidney was removed With other investiga 
tors, they found that the urine volume during concentration tests 
was increased 2 to 5 fold and concentrating power was lost, the 
maximal specific gravity being reduced to 1 014 to 1 028 as com 
pared with control values of 1 030 to 1 052 Pituitnn plus water 
deprivation did not increase the specific gravity above the value 
reached during water deprivation alone Adrenal cortical hormone 
also was without effect The muhn, creatinine, and urea clearances 
were reduced to one half to one tenth of normal, the creatinine/ 
mulm clearance ratio m 2 dogs remaining at 10 The capacity 
to excrete a dilute urine (specific gravity less than 1 002) was not 
impaired The increase m filtration rate, characteristic of normal 
dogs on a high protein diet, seemed to be nearly abolished, but 
one dog, which did double its filtration rate on a meat plus sodium 
chloride diet, concentrated to 1 029 as compared with 1 022 on 
a cracker meal diet, arguing against excessive filtration being the 
cause of hyposthenuria 

More significantly, the elevation of the plasma oncotic pressure 
by acacia, infusion of concentrated plasma, or dehydration of the 
animal by various means produced in general as concentrated or 
more concentrated urine than had been formed before operation 
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during water depmation * Similarl), the specific gravity of the 
urine excreted during a period of low blood pressure exceeded the 
maximal postoperatne value and in 1 animals was as high as the 
mean preoperative concentration test 

The reduction m the creatinine clearance was less than the re¬ 
duction in the number of glomeruli (glomerular counts were made 
by a standard technique), reduction of glomeruli to 10 per cent 
reduced the clearance to only 24 per cent Thus, wath a small 
residue of renal tissue, activity m residual glomeruli was substan 
tiallv increased, in \iew of the evidence that there are no inactue 
glomeruli in the dog kidney, this must reflect general vascular 
dilatation The urea clearance was reduced somewhat less than 
the creatinine clearance, probably because of diuresis in the re¬ 
sidual nephrons and a lower U/P ratio 

Hay man and his coworkers conclude that the hvposthenuna 
which follows subtotal nephrectomy js not attributable to ab 
normality of the renal tubules, since under appropriate conditions 
the animals could concentrate as well or better than before opera 
tion They lean to the interpretation that increased filtration leads 
to a more rapid flow of fluid down the tubule and that lack of 
time for reabsorption leads to hyposthenuria It may be noted 
that the conditions that led to maximally concentrated urine 
(acacia, dehy dration with croton oil, etc ) may, like reduced blood 
pressure, have reduced the filtration rate, which unfortunately 
was not measured under these particular conditions If such were 
the case, the experiments would seem to support the glomerular 
tubular imbalance theory proposed by Fremont-Smith et al How¬ 
ever, it does not seem probable that the \elocit\ of flow (1 e the 
time factor) is the important consideration e% en under these con 
ditions, since the concentration of water (the substance being re 
absorbed) remains practically unchanged at low and high unne 
flows Overloading of the distal tubules with isotonic proximal 
urine, as suggested above, would seem to present a more likely 
explanation But against this interpretation is the fact that a 

* The rise in specific grawty after the 1 ntrzxcnous administration of hyper 
tome sodium sulphate is probably not s gmficant, since sulphat" -aas probably 
well concentrated and per mol increases the specific gravitj of the unne more 
than urea or any other salt except phosphate *“* 
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doubling of the filtration rate, as between a cracker meal and a 
meat or meat plus salt diet, did not decrease the maximal specific 
gravity It must be said, therefore, that the cause of hyposthenuria 
m subtotal nephrectomy remains unsolved In any case it does not 
follow that hyposthenuria in renal disease has the same explana 
tion as in subtotal nephrectomy, since numerous physiological 
variables are involved 

Hayman et al show that concentrating power in dogs is not 
impaired during Goldblatt hypertension or during vitamin B 6 
deficiency (black tongue) 

The administration of pituitary extracts or pitressin tannate sus 
pended m peanut oil has been frequently recommended to increase 
the maximal concentration of the urine in short period concen 
tration tests of renal function,“ M 1578 im 1859 J0S1 but Taylor, 
Peirce, and Page 2054 find that the maximal specific gravity reached 
in such tests is less than that reached in 24 hr without fluids (as 
in the Addis test), and they conclude that there is no entirely 
acceptable substitute for the latter Horne and Morris 1035 believe 
that the use of pituitary extract is reliable in selected cases and 
superior to the Addis test in patients with edema Concentrating 
power is retained when the filtration rate is reduced in chronic 
congestive heart failure, and it is apparently not affected specifi 
cally by circulatory failure unless renal anoxia supervenes 

SYPHILITIC NEPHROSIS 

Furman, Gale, Ory, and Weinstein (pers com ) report on a single 
subject with syphilitic nephrosis On first examination the vnuhn 
and PAH clearances were 76 1 and 456 cc, and Tm F An 49 8 mg 
At the time of study the patient was edematous but there was 
no oliguria Heavy albuminuria was present, with numerous fine 
granular and red cell casts After 2 weeks of treatment with peni¬ 
cillin, these values were 106 5, 525, and 77, and after 7 weeks, 
121, 498, and 67 7 Twenty two days after antiluetic treatment 
was initiated he had lost 13 pounds of edema fluid and albu 
minuna had disappeared The authors liken the renal syndrome 
to acute glomerulonephritis, in which the filtration rate and Tmp A H 
are reduced, with a variable blood flow to the residual functional 
tissue The condition is so rare, 280 however, that other im estigators 
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believe it is acute nephritis coincident with syphilis and whollv 
unrelated to the latter 

CHRONIC PYELONEPHRITIS 

P>efonephntis is a renal inflammation of bacterial origin (usual!) 
B coli and staph) lococci) arising from infection of the mucous 
membranes of the pelvis with invasion of the interstitial tissue, 
and leading, after recurrent acute attacks, to cicatricial contrac¬ 
tion of the kidne) and widespread or total destruction of the pa 
renchyma Such infection ma) be associated with ptosis, calculi, 
h) dronephrosis, prostatism, or obstructive anomalies of the un 
nar) tract, it may arise de no^o from ascending infection, though 
Longcope m ‘ has presented evidence that the renal infection is 
generally blood borne and gains access to the bodi b) v a) of the 
gastrointestinal tract Chronic atrophic p) elonephntis occurs with 
equal frequenc) unilaterall) and bilaterall), although bilateral in 
\ohement is more frequent among females, unilateral among 
males There is no predilection for the right or left kidnev The 
extent to which pnmar) acute attacks ma) heal completelv or 
progress into the chronic degenerative form remains a matter of 
debate In about one third of the cases uremia is the cause of 
death, intercurrent infection and unrelated disease account for a 
large fraction, and in about one sixth death is a sequel to h)per- 
tension Chronic atrophic p)elonephritis in one kidne) is the one 
renal disease in which the incidence of h) pertension is high enough 
to suggest a causal connection It is frequentl) accompanied b) 
calculi, the formation of which ma) be secondary to the infection 
and impaired renal function 

Whether or not the disease arises as a result of ascending in 
fection, it occurs earliest and most severel) in the medulla, where 
inflammatory changes and scar formation lead to compression and 
destruction of the thin segment and the collecting ducts These 
obstructive lesions react upon the cortex, leading to dilation of 
the proximal tubule and the formation of small c) sts The tubule 
undergoes atrophy and the lumen is frequently obstructed b) 
casts Invasion of the interstitial tissue of the cortex leads to 
wedge shaped invasive scarring between areas of relatively nor 
mal or even h)pertrophic tubular tissue In the scarred areas of 
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the cortex, the glomeruli of the obstructed tubules tend to undergo 
hyalmization, and more characteristically the outer Ia>er of Bow¬ 
man’s capsule becomes replaced by a fibrotic ring (periglomerular 
fibrosis) which encircles a normal capsular space and glomerular 
tuft Glomerular degeneration is, however, late, and cases are on 
record of patients dying in uremia although nearly all the glo¬ 
meruli were histologically well preserved Hyalmization of the 
glomeruli may issue from compression of the afferent and efferent 
arteriole by the periglomerular fibrotic capsule, by endarteritis 
obliterans, or by adhesions between the glomerular capillaries and 
the fibrotic capsule Even in the acute stage the renal capsule is 
the seat of local inflammatory reactions (perinephritis) which lead 
to scarring and adhesion to the cortex 

Typically, proteinuria is minimal (o i to i 5 gm/day) and oc¬ 
casionally it is absent even in patients dying in uremia, and pro¬ 
tein casts are correspondingly rare Pyuria and bacteriuna (usu¬ 
ally B coli) are usually present, as is hematuria which may result 
from hemorrhagic pyelitis or cystitis In advanced bilateral dis¬ 
ease, concentrating power is lost The reaction of the urine is acid 
in B coli infections but alkaline where the staphylococcus or B 
proteus is involved, the last two organisms split urea into am¬ 
monia and the resulting alkalimzation of the urine contributes to 
the formation of phosphate calculi * 

Corcoran et al* n conclude from 5 patients with chronic pyelo¬ 
nephritis and hypertension that the pattern of disturbed renal 
function is nearly identical with that present in their group called 
established essential hypertension In patients in whom the in¬ 
flammatory reaction acutely active at the time of study the 

* The role of infection in the formation of phosphate and calcium calculi is 
somewhat confused The Michies, in unpublished observations in the writer’s 
laboratory, found that urine collected from the pelvis may be acid when the 
urine which has been in the bladder for 30 min may have become highly alka¬ 
line because of the liberation of ammonia bj bacterial growth, confirming Hell- 
strom •** There remains the problem to what extent the pelvic urine may be¬ 
come alkaline in consequence of ureolysis Moreover, B cob common!) fer¬ 
ments glucose to form acetic acid but certatn strains obtained from patients 
with p)e!iti$ prefer to split urea to form ammonia and other strains can be se¬ 
lectively cultured to do thts An> statement about the type of infection, the 
reaction of the urine, and the formation of stones is therefore difficult 
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filtration rate and filtration fraction were greatl) reduced and 
RBF/Tmo increased 

Raaschou 1,85 has reported on 31 patients with chronic pyelo¬ 
nephritis in all stages of the disease His earlier observations were 
made with a single intravenous injection of muJin and diodrasr, 
but later he recognized the errors inherent in this technique and 
his interpretations are dul) qualified with respect to these errors 
He found that clintcallj the condition of the patient remained 
good until the inulin clearance fell below 30 cc (23 per cent of 
normal) or Titid fell to 7 mg of iodine (17 per cent of normal) 
Even in advanced stages, the patient maj preserve tolerable or 
excellent health despite greatl} reduced renal function 4 s noted 
above, the histological preservation of the glomeruli is not a re 
liable sign of function, patients may die in uremia with complete!) 
normal appearing glomeruli Whether the uremia stems from ob¬ 
struction of the tubules or from reabsorption of glomerular filtrate 
is undetermined, but in the light of the total picture—preserva 
tion of the glomerular structure with atroph) and dilatation of the 
proximal tubules—it would seem that the latter probably plavs an 
important role 

The urea/inulin clearance ratio preserved in the mean irs nor 
mal range, but the data are not analyzed in terms of inulin U/P 
ratio * As is to be expected, the blood urea does not nse above 
that indefinite ceiling called ‘normal’ (Raaschou uses 50 mg/ioo 
cc ) until the mulin clearance is reduced to more than one-quarter 
of the normal value 

Tihd varied in Raaschou’s patients from normal values down 
to practicall) zero He conceives that interstitial fibrosis with in 
vasion of the parench>ma not onlv leads to the formation of im 
potent nephrons but decreases diffusion between the capillar) 
plexus and functional tissue, while occlusion b) casts obstructs 
tubules and collecting ducts Indicative of impotent nephrons is 

* In 4 patients the urea/inulin clearance ratio exceeded 1 o, ns ng to values 
as high as 1 5 or more. In 2 instances (examinations 6 and 26) the protocols 
leave one in doubt about technical errors, but in the other 2 (examinations i" 
and -,6) the protocols do not indicate a source of error so large and suggest that 
the phenomenon is real Raaschou discusses sources of error, and suceests that 
inulin may fail to penetrate the damaged glomerular membranes or urea mav 
be excreted by the tubules He seems to favor the first interpretation 
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the fact that the Qn/Thip ratio is generally high, ranging from 
the normal mean value of 1 6 up to values of 4 5 or even higher 
Excluding increased filtration, which is improbable, the only al 
ternative explanation is reduction of excretory power in the tu 
bule This result is consonant with the preservation of glomeruli 
and atrophy of tubules in and near scarred areas 
The diodrast clearance in Raaschou s series also ranged from 
normal down to very low values With this reduction, the Cp/Tmp 
ratio remained in the low normal range of 8 to 14 (normal 14 ± 
2 16), from which he concludes that the diodrast clearance is re 
duced because Tmp is reduced The filtration fraction, either as 
related to Cp/Tmp or to Cp, is normal to high, a fact which he 
relates to reduction in tubular clearance as revealed by the re 
duction in Cp and Tmp There seems to be a contradiction of in 
terpretations here The data clearly indicate the existence of impo¬ 
tent nephrons, because of the excessively high values of CiN/Tm D 
Accepting this fact, the blood from the glomeruli of such impo¬ 
tent nephrons should be, in part at least, available for clearance 
by residual functional tissue, leading to vicarious hyperemia of 
this tissue or a high Cp/Tmp ratio In view of the fact that this 
ratio is characteristically on the low side of normal (indeed it is 
rarel) above the normal male figure of 14 and falls as low as 6 69 
with a Tm» of 9 66 mg of iodine) some circumstance must be 
operating to reduce renal blood flow to the renal parenchyma as a 
whole, and particularly to residual functional tissue, apart from 
glomerular obliteration One obvious possibility is that passive 
compression of the kidney, issuing from permephrmc contraction 
of the capsule, supplemented by the formation of scar tissue within 
the kidney, increases intrarenal pressure, as a result of which the 
residual functional tissue has less blood available to it for clearance 
than it would otherwise have A second possibility is that some 
tubules are marginally situated with respect to perfusion, they 
would be measured in long continued saturation studies and thus 
contribute to the maximal value of Tm D , but might not be reached 
in short period clearance studies The explanation of the high 
filtration fraction is perhaps complicated The most obvious ex 
planation is that postglomerular blood escapes from the kidney 
without being exposed to tubular excretory tissue, leading to a 
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reduction in Epui and hence in Cd (in one-half of Raaschou’s pa¬ 
tients Cd is less than 300 cc/min ) Perhaps this is what the author 
means when he says that Cd must be reduced because Tmo is re¬ 
duced Cargill **• has reported Ep.*n as o 75 and o 73 in a patients 
with pjelonephntis whose PAH clearances were, respect!'el>, 206 
and 83 cc , and whose mulin clearances were 50 and 20 cc Com 
pensatorj dilatation of the afferent arterioles might contribute to 
increased filtration rate, while increased intrarenal pressure oper 
ating upon the pen tubular capillaries might raise the glomerular 
pressure, in this instance, unlike the normal kidne), this increased 
intrarenal pressure might not operate to oppose the filtration proc¬ 
ess itself because of the protection afforded bj the penglomerular 
fibrotic capsule 

Whatever the interpretation, changes in renal function in pj elo- 
nephnds differ from those in essential hjpertension and chronic 
glomerulonephntis 

In essential hypertension, increased arteriolar tonus reduces the 
renal plasma flow, the filtration rate is well maintained until ar¬ 
teriolar lesions obliterate the glomeruli, while Titid decreases 
earl), ahead of the filtration rate, and therefore Cd/Thid tends 
to be decreased and the filtration fraction increased * 

In glomerulonephritis, the glomeruli are primarily affected, 
hence the filtration rate is decreased, while the renal plasma flow' 
and Tmo tend to be maintained, leading to a low filtration frac¬ 
tion and low Ci\/TmD ratio 

In p> elonephntis, tubular injury outruns glomerular injury, and 
what we suppose to be contraction of the kidne) with increased 
intrarenal pressure reduces perfusion, hence the renal plasma flow 
and Tmo are decreased, the ratio Cd/Thid remaining in the nor 
ma! range Glomerularmjur) being late in the sequence, the filtra¬ 
tion fraction and the Cis/Tmo ratio tend to be increased 

* Raaschou, m commenting on the high filtration fraction in essential hyper 
tension, notes that an increase m this fraction may in part be due to impair 
ment of tubular excretion (reduction of Ed) and implies (pp 157 and 160) that 
this possibility was overlooked b) Goldnng, Chasts, Ranges, and Smith 5,1 On 
the contrary, these authors separated their subjects into those with impotent 
nephrons as indicated by high Cr\ /Titid ratios (group A) and those with nor 
mal ratios (group B), and based their conclusions with regard to increased ar 
tenolar tonus solely upon this differentiation 
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The quantitative xanthoproteic reaction,* which reveals the 
presence in serum of various aromatic metabolic products which 
are possibly normally excreted by the tubules, increases rapidl) as 
Tmo is reduced, but shows wide variability at low values of Tiud 
T he alkali reserve remains above 55 cc of carbon dioxide per 100 
cc of blood until Tmn is reduced below 10 mg, and hemoglobin 
does not in general fall below 80 per cent until Titid reaches this 
value 

The author speaks of the plasma concentration of diodrast at 
which the clearance is first depressed because of saturation of some 
nephnc units at the self-depression limit This figure, he finds, 
normally lies between 5 and 12 mg of iodine per 100 cc , most fre 
quently between 10 and 11 mg, TmD being reached (saturation 
limit) between 6 and 13 mg of iodine per 100 cc The accuracy of 
determination of either limit is not great unless very careful titra 
tion experiments are carried out, but Raaschou believes that in 
pyelonephritis the self depression limit lies within the normal mar 
gins, in a few cases it was higher than normal, but never less than 
normal Although it is doubtful if his data are sufficiently detailed 
and quantitative to warrant a confident conclusion, he believes 
that tubular excretion in the course of disease follows an all-or 
nothing law, the residual functional tissue saturates at the same 
plasma level as normally This would imply no vicarious hypere 
mia, a conclusion difficult to accept in view of the existence of im 
potent nephrons as indicated by his high C^/Tmn ratios f The 
writer believes that a more detailed titration is required to answer 
this question 

One phenomenon of some interest recorded by Raaschou is that, 
w some patients with greatly reduced renal function, Tmo in con 
secutive clearance periods tends to increase despite the mainte 
nance of an adequate and more or less constant plasma level of 
diodrast He notes that this rising Tm D was not observed by him 
in normal subjects, and has not been recorded by others in studies 
of the diseased kidney He discusses and, at least in certain in 

‘This reaction is increased in the terminal phase of all progressive bilateral 
renal disease 

fThe normal frequency distribution curve gnen in figure 51 of Raaschou s 
paper is apparently miscalculated, having its lower origin at o 1 instead of o 6 
where T/Tm begins to drop below load/Tm 
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stances, dismisses the possibility of error from dead space or er 
roneous mulin clearance and the possibility of increasing intrinsic 
tubular activity He notes but reaches no final opinion on the pos¬ 
sibility that considerable time may be required for diodrast, either 
by diffusion or circulation of interstitial fluid, to reach certain tu 
bules which have become isolated by poorly vascularized con 
nectne tissue 

The writer has examined the protocols of Goldring, Chasis, 
Ranges, and Smith 7,5 on Tm© in 60 patients with essential hy 
pertension, in all of whom 5 consecutive periods were collected for 
this measurement He finds that Tm D showed a tendency to in 
crease in only 2 out of 91 instances Assuming that the phenome 
non in pyelonephritis is a valid one not attributable to technical 
error, it appears to be present in this disease (in certain instances 
onl>) and not in hypertension or nephritis * 

poLYcasnc disease 

Polycystic disease of the kidney is a congenita! disease which may 
manifest itself either in the newborn, in which case it is usually 
quickly fatal, or as an affliction of adult life, when it is compatible 
with a long period of sur\ival Lambert, ,m who reviews the 
literature, has made graphic reconstructions of nephrons from two 

* The writer would 1 ke to suggest that the last explanation proposed by 
Raaschou be cons dered seriously the pathological changes in pyelonephritis 
are such as to lead to severe restriction of the circulation of both blood and in 
teistitial flu d and this impairment may leave many functional tubules with a 
barely adequate oxygen supply, but so marginally' placed with respect to per 
fus on that d odrast in full concentrat on would reach them only after perfus on 
of the kidney as a whole for some period of time Such a s tuation is less likely 
to occur m nephritis or hypertens on to judge from the pathology of these 
d seases Indeed the utration of hypertens ve patients ind cates that tubular 
perfus on is well maintained long after arteriolar les ons have markedly im 
paired the uniform ty of vascularization of the kidney " t,m Where functional 
tubules are marg nally placed with respect to perfus on the dispersion of tubu 
lar perfus on could not be determ ned by a rap dly ns ng plasma concentration 
of d odrast The ischemia of such isolated nephrons could be balanced bv vicar 
jous hyperem a of others, lead ng to a normal value of Cn/Tmo The question 
is mentioned here at length because of its bearing upon the possible importance 
of the interstitial circulat on For its due danon it requires the repetit ve exami 
nation of sdectcd patients under idea! technical condtt ons and titrat on at 
successive constant plasma levds each of which is maintained for a considerable 
period of time. 
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polycystic kidneys in the newborn and confirms the view that the 
cystic nephrons are always separated from their collecting ducts 
and exist as closed vesicles But formation is not necessarily a re 
suit of failure of fusion of the tubules and collecting ducts, for it 
may be that cyst formation in early fetal life is itself the cause of 
the dissociation between the two embryonic elements 
Graphic reconstructions of 5 cases of polycystic disease of the 
adult showed that glomerular cysts were closed cavities but it is 
demonstrated that cysts appearing along the course of the tu 
bules are as far as can be determined, connected with the col 
lecting ducts and the renal pelvis Lambert believes that they de 
velop independently of such factors as failure of the tubule to 
unite with a collecting duct, incomplete development of the tu 
bule, or occlusion of the collecting ducts The reason for their de 
velopment remains unknown 

In 1 adult patients, 30 to 40 gm of inulin were injected into the 
peritoneal cavity shortly before death Puncture of the c>sts in 
both kidneys in one patient made possible removal of 4 samples 
of cystic fluid before injection of inulin These samples contained 
no significant muhnoid blank The kidneys of both patients were 
removed immediately after death, and inulin was found in the 
fluid of most of the cysts in amounts ranging from 10 to 35 mg/100 
cc (the plasma contained 80 to 100 mg/100 cc), demonstrating 
the persistence of glomerular function In 3 cysts the hjdrostatic 
pressure ranged from 10 to 14 mm Hg pressures well below the 
filtration pressure and about equal to the intrarenal pressure 

The endogenous creatinine and urea concentrations of the cystic 
fluid were in some instances many times higher than that of the 
blood, indicating that water was absorbed by the cystic nephrons 
The urea U/P ratio was generally lower than that of creatinine 
indicating that urea was returned to the blood by tubular re 
absorption In a few samples urea and creatinine concentrations 
in the cysts were equal to those of the blood samples collected the 
day before death, but the U/P ratios varied with the location of 
the cyst in the nephron and were lowest and near 1 o in glomerular 
cysts and highest in the more distallj located c>sts The relation 
ships of the urea, chloride, and endogenous creatinine U/P ratios 
were much as is observed in the bladder urine 
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A mixture of trypan blue and India ink was injected into a cyst 
by renal puncture 24 hr before death of one of the patients Sec¬ 
tions showed that trypan blue had been taken up in the cells of 
the tubule proximal to the cyst, while India ink had been taken 
up only in the distal part of the proximal tubule. This is the only 
demonstration on record of the absorption of a particulate colloid 
by the human nephron 

PTOSIS AND UNILATERAL RENAL DISEASE 

In one subject examined by Chasis and Redish 1,0 in whom the 
right kidney dropped when an erect position was assumed, the 
ureteropelvic junction remained fixed, thereby producing an acute 
angulation of the ureter. Unilateral stud} revealed that with this 
ptosis the renal plasma flow decreased from 225 to 110 cc/min., al¬ 
though it remained unchanged in the left kidney (208 and 193 
cc/min , respectively). In other cases of ptosis examined by them 
there w r as no functional disparity in the supine position. 

Chasis and Redish emphasize that man) common variations in 
ureterop} elograms are without ph>siological significance Pyelo- 
graphic abnormalities are not necessarily associated with func¬ 
tional disparity and, conversely, marked functional disparit} may 
not be associated with pyelographic abnormalities 

They also note that urine is usually formed at about the same 
rate in the two normal kidneys in dog and man, but over short 
periods of time there may be marked differences in the rate of dis¬ 
charge from the pelvis through ureteral catheters This is not 
wholly a matter of pelvic discharge, for there may actually be dif¬ 
ferences in w'ater reabsorption as shown by U/P ratios, and in 
such cases the concentration of test substances (phenol red, dio- 
drast, etc ) in the urine will also vary inversely’ as the urine flow' 
and may lead to misinterpretation of the results of renal excretory’ 
tests McCann and Romansky’s mo study’ of nephroptosis has 
been cited in chapter xxm. 

RENAL DIABETES 

In occasional otherwise normal individuals glucose may’ be present 
in the urine at normal or slightly' elevated plasma glucose levels. 1 ** 
Although the filtration rate and renal plasma flow are generally' 
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normal, Tma Has been found by most investigators to be re 
duced 333 715 8471S27 1849 1998 1102 Certainly, in man) subjects the con 
dition represents glomerular tubular imbalance, as defined by an 
anomalous spread to the right in the frequency distribution curve 
of glomerular activity, c in /tm g 1931 1939 In some subjects in whom 
glucose Tm is below the normal range there is some reduction in 
Tmo 333 but no reduction in the capacity to reabsorb phosphate 827 
More extended studies of tubular activity will be necessary before 
it can be said to what extent the lesion is specific 

HYDRONEPHROSIS 

Hydronephrosis follows obstruction of the free flow of urine from 
the kidney Whereas complete obstruction of the excretory ducts 
of other glands (salivary, pancreatic, biliary) leads to primary 
atrophy and necrosis, primary atrophy of the kidney rarely follows 
even complete obstruction of the ureter except when anuria is 
initially present Partial ureteral block invariably leads to hydro¬ 
nephrosis, while only occasionally will complete block lead to 
primary atrophy 1009 

In man, early hydronephrosis is characterized by an edematous, 
hemorrhagic kidne> with mushy papillae and easily ruptured 
pelvic epithelium The collecting tubules are dilated, with less 
frequent dilatation higher in the nephron The tubular epithelium 
is atrophic and flat and is ultimatel) replaced by interstitial 
fibrosis The glomeruli are less affected and normal appearing glo¬ 
meruli may be present in the center of destroj ed or cystic tubules 
The effect on the blood vessels is variable The interlobar and 
arcuate vessels are compressed, but man) interlobular arteries 
still function to supply glomeruli and associated tubules The 
hydronephrotic injury works from the fomices to the penpher) 

Hinman 1011 notes that the structural changes in experimental 
hydronephrosis differ in various species, and that such changes 
cannot confidently be transposed to the human kidney He finds 
that when the ureter is tied in the rabbit the renal pelvic contents 
graduall) increase up to 50 to 60 cc and then decrease If phenol 
red is placed in the ligated ureter, the d) e completel) disappears 
in 48 hr, indicating that the hydronephrotic sac is not a stagnant 
pool He likens it to a fresh water lake with constant circulation of 
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fluid The problem is, how does the urine escape from an ob¬ 
structed pelvic cavit> 

PYELOVEVOUS BACKFLOW 

It is well known to urologists that the use of moderate to excessive 
pressure during the injection of contrast medium into the ureter 
for retrograde pyelography is sometimes accompanied by pene¬ 
tration of the medium into the renal venous tree, the lymphatics, 
or the subcapsular space, as revealed by x ray The mechanism of 
escape is not yet clearly determined Hinman and Lee-Brown, 1011 
from experiments on sheep, rabbits, and dogs, noted that as the 
intrapelvic pressure is increased a point of give (30 to 60 mm Hg) 
was suddenly experienced, the pressure necessary to maintain 
backflow thereafter being reduced Backflow would occur, how¬ 
ever, if a pressure of 20 mm Hg w ere maintained for a long period 
They believed that there was some point of actual communica¬ 
tion between the renal pelvis and the large, superficial renal veins 
in the minor calyces at the base of one or more py ramids, and that 
through this communication the contrast medium flooded into 
and completely filled the venous system without extravasation 
Hinman and Lee-Brown developed a theory of hy dronephrosis 
on the premise that, after complete ureteral obstruction, ‘py elo- 
venous' backflow permitted urine to escape from the pelvis into 
the renal veins, thus accounting for the fact that such a kidney 
did not undergo atrophy as is the case with secretory glands It 
was also suggested that, once pyelovenous backflow was estab¬ 
lished, blood might enter the pelvis from the venous sy stem, ac¬ 
counting for the hematuria in hydronephrosis 

Narath mo * has reviewed the anatomy of the formces and 
calyces with reference to the propulsion of unne into the pelvis, 
and arrives at contrary interpretations Using a modification of 
Mallory’s stain which stains the connective tissue blue and muscle 
tissue red, he describes the musculature of the calyx The first 
muscle encountered m the upper part of the fornix is a longi¬ 
tudinal one extending from the fornix deeply into the parenchyma 
(mu sc ulus legatorformas) Contraction of this muscle has a pulling 
effect on the fornix At the neck of the calyx and extending the 
papilla is the sphincter papillae , first described by Henle Since 
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the action of this muscle is to close the neck of the calyx against 
the space below the fornix around the papilla, Narath calls it the 
musculus sphincter formas, rather than the sphincter papillae In 
the wall of the calyx, extending from the sphincter to the pelvico- 
calyx junction, are longitudinal fibers comprising the musculus 
longitudinahs calycts, whose function is m part to shorten the 
length of the neck In the wall of the pelvis and separating the 
calyx from it is the musculus sphincter calycis whose fibers are 
crossed by part of the above longitudinahs muscle 

There are two phases in the motion of the calyx, a collecting and 
an emptying phase During the collecting phase the leiatorfomtcis 
is relaxed and the fornix sinks downward As the sphincterformas 
relaxes, the upper part of the longitudinahs contracts and the 
calyx assumes the shape of a goblet in which the urine accumu¬ 
lates Backflow of urine from the pelvis into the calyx is prevented 
by closure of the sphincter calycts He believes that the formation 
of this goblet creates a negative pressure which acts to drain urine 
from the canaliculi of the papilla 

In the emptying phase, the sphincter calycis opens and urine 
flows into the pelvis The sphincter formas closes and the upper 
part of the longitudinahs relaxes to form a cap against the papilla 
The contraction of the levator farmcis pulls this cap tight and pre¬ 
vents backflow into the canaliculi and the tubular system Simul¬ 
taneously the lower part of the longitudinahs contracts, assisting 
the relaxation of the sphincter calycts and reversing the process of 
goblet formation The sphincter of the ureteropelvic junction 
opens when the sphincter calycts is closed and closes when sphincter 
calycis is relaxed 

The description above is based upon the. movements of the 
cal>ces as observed m normal individuals m whom a catheter had 
been introduced between 6 and 11 cm up the ureter, the renal 
pelvis filled with radio-opaque solution and observed either with 
a magnifying glass or by rapid photography 

When outflow from the catheter was blocked, the patient soon 
experienced renal colic due to the increase m renal pelvic pressure 
At this time serial pictures indicated that the routes of the retro¬ 
grade injection were 
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i P>elocanalicular backflow This is revealed b) a character 
istic brush like extension of contrast medium for a short distance 
into the canaliculi The ultimate destin) of the contrast medium 
was not determined, it might return to the pelvis when the pres¬ 
sure was released, or it might be absorbed b\ the tubules or h m 
phatics 

1 Pjelosinus transfiow This represents a flow of contrast me¬ 
dium from the calyx into the renal sinus It can occur with ver> 
little mtrapehic pressure or under such pressure as to rupture the 
fornix In the former instance, Narath believes the contrast me 
dium is absorbed b> the fomices to enter the 1 ) mphatics It takes 
variet} of shapes—hornshaped, multiform, plane like, and ribbon 
like—but that its ultimate destinj is ljmphatic absorption is 
demonstrated by dear visualization of the medium leaving the 
renal sinus b) 1} mphatics and draining into adjacent Ivmph nodes 

3 Smovenous ingression Narath believ es this occurs onlv when 
the formx actuall) ruptures Frequentl) when this occurs the 
interlobar and arcuate veins are outlined, which helps to dis¬ 
tinguish it from p> elosinus transfiow The ultimate destination of 
the d>e is again l>mphatic absorption 

Narath believes that Hinman’s terms ‘pjelovenous backflow’ 
have been used too loose!} to describe ever} tvpe of extravasation, 
and he would restrict them to the traumatic production of smo- 
venous ingression 

The role of traumatic injur} in ‘pyelov enous backflow’ has also 
been emphasized b> Rolnick and Singer 141 They repeated some 
of Hinman s injection experiments in dogs and found that actual 
tears could take place at pressures varying from 23 to 150 mm Hg 
These tears were at the pelvic poles and vaned m size with the 
force emplo} ed Low pressures produced small tears in the caljces 
and the contrast medium then passed into the 1} mphatics or 
veins 

Druckmann and Schorr described 3 cases of rupture of the 
kidney pelvis during retrograde p) elographv (contrast medium 
not named) All 3 patients had diseased kidnevs and 1 had severe 
necrosis of the pelvis The x rav film presented a smooth, sharp, 
convex lower border of contrast medium conforming with the 
capsule, which is what would be expected from perforation into 
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the subcapsular space When this complication occurred all pa 
tients complained of severe pain, chills, and fever, and 1 patient 
died 

Such x ray pictures indicate the consequences of gross rupture 
of the pelvis, but a minute rupture of the calyx sufficient to pro 
duce pyelovenous backflow undoubtedly presents a different pic 
ture 

The development of hydronephrosis in the rat when the ureter 
is completely occluded is not accelerated b> forced water, saline, 
or urea diuresis, or retarded by water deprivation 1012 

Levy, Mason, Harrison, and Blalock, 1253 using the venous sound 
method, found that the renal blood flow and oxygen consumption 
were reduced by total ureteral obstruction, but the lowest values 
reached a day or so prior to death were usually above 50 per cent 
of the control value Maximally increased intrarenal pressure (if 
this is the sole factor operating) can substantially reduce but not 
completely occlude the renal circulation 

OTHER RENAL DEFECTS 

Among congenital or acquired renal defects may be mentioned 
the de Tom Fanconi syndrome (rickets, acidosis, hypophos- 
photemia, renal glycosuria), 1272 * vitamin D deficiency rickets, 923 
and the Butler Albright syndrome 512 1223 In the last named syn 
drome a lesion, chiefly of the distal tubule, leads to deficient acidi 
fication of the urine, deficient ammonia formation, excessive re 
absorption of chloride and depletion of plasma bicarbonate (chlo 
ride acidosis) accompanied by polyuria and low specific gravitj 
(i 010 or less), insensitivity to ADH, phosphate depletion, re 
tarded growth, rickets, and nephrocalcinosts Faber, Abramson, 
and Silverberg in the Festschrift for Thomas Addis 3,2 suggest that 
the primary fault is attributable to a deficiency of carbonic an 
hydrase in the distal tubule cells A related instance of inability to 
conserve bicarbonate is described by Stapleton 1979 

TEMPORARY INHIBITION OF FUNCTION 

Donnelly m reports 4 subjects, referred for routine intravenous 
p>elograph), who on first examination showed absence of func 
tion on one side On repetition of the examination 48 hr later. 
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both sides showed normal function There was no evidence of cal¬ 
culus formation and the minor calyces, when visualized at the 
second examination, were normal 

It is the writer's impression that this experience is not un 
common among urologists, although it is rarely reported It is 
probably generally true that failure of visualization of a kidney 
after intravenous pyelography may be traced to obstruction of 
the ureter by a calculus which is subsequently passed, to ureteral 
spasm, to previous retrograde pyelography with sodium iodide or 
other irritating solutions, or other urologic causes In every' case 
these should be excluded before drawing the conclusion either that 
a functional kidney is absent or that functional inhibition of urine 
formation has occurred 

That true functional inhibition occurs in a subject with an es¬ 
sentially normal kidney on both sides (1 e apart from obstruction 
or other urologic fault) is rendered doubtful by the large number 
of observations now available on renal plasma flow and Tm» or 
TmpAH Admittedly, not many of these patients have been ex¬ 
amined a second time, but many of them would hive been had 
they been selected on the basis of giving no history of renal dis¬ 
ease, and then found to have total renal function only half of nor¬ 
mal 

WHEN IS THE KIDNEY NOT A KIDNEY' 

The eminent pathologist, Jean Oliver, is among those who attrib¬ 
ute to clearance methods disabling ambiguity Since over some 
years he has continued refractory m this position, on the principle 
that ‘if you can’t lick ’em join ’em,’ we should like to quote with 
enthusiasm form his illuminating essay ‘When is the Kidney not a 
Kidney 1551 

The answer I would give to [this] question is therefore now apparent 
There is no kidney,” either structural or functional, in chronic reral 
disease The only useful or meaningful purpose of the word that possibly 
remains under these conditions is to designate a mass of tissue which, 
except in topographical anatomic or surgical problems, has no signifi 
cance unul we analyze its constituents And then it vanishes into the 
disparity of thousands of fantastically altered organs of strange design 
and anomalous behavior 
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‘A semantist who might have followed my discourse thus far with 
considerable impatience, would at this point doubtless interrupt with 
the suggestion that our difficulty can be easily solved He would point 
out that on the unnamed Objective Level of the Structural Differential 
are the nephrons, normal or abnormal, and that all we need to do to be 
consistent and clear is to call them by their right names on the Descrip¬ 
tive Level Liquidate the “kidney” and entitle the next symposium 
“The Nephrons in Health and Disease ” 

'Such forthrightness may be a simple procedure for a young and vigor¬ 
ously growing scientific discipline that makes its own terms with its 
problems But we in medicine have an ancient and proud tradition that 
binds us with chains which we are loathe to shed since their bond is to 
the great men and ideas of our past Thus we continue to use as symbols 
of that past conceptual terms that have lost all but their honorary con¬ 
tent What, for example, is the present significance of Virchow’s “de¬ 
generation,” by which is still designated a whole category of disease, 
including one that has here concerned us ? 

‘And so we shall doubtless continue to talk of the “kidney” of chronic 
renal disease and of Bright’s disease But while we are talking, there is 
no reason why we should not also be thinking and m the interior realm 
of the idea we can discriminate the Kidney in Health, if you will, but 
the Nephrons in Disease ’ 
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The term ‘diuretic’ has generally been used to describe an) agent 
which will produce an increased excretion of unne, a usage which 
is ambiguous In a multitude of circumstances, oliguna persists 
because of renal ischemia associated with circulatory insufficiency, 
any therap) which restores the circulation to an adequate level 
ma> be expected to increase unne production, in the absence of 
persistent renal injur), by improving renal blood flow and glo¬ 
merular activity 

It has frequently been suggested that some diuretics act b) 
altering the ‘water binding’ power of the plasma proteins, or by 
causing a shift of electrolytes and water between tissues and 
plasma, but the evidence for such modes of action is meager and 
their possible contribution to the action of known diuretics may 
be set aside as unproved We shall confine the term diuretic to 
substances that promote the excretion of salt or water by their 
local action on the kidney 

Increased excretion of water might result from interference 
with the formation of ADH in the neurohypophysis, with its 
secretion, o’- with its action on the renal tubule These possi¬ 
bilities are unfulfilled clinically or experimental!! except m clinical 
or experimental diabetes insipidus A pharmacological method of 
producing diabetes insipidus remains to be discovered Some 
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clinical cases of diabetes insipidus have been interpreted as due 
to insensitivity of the renal tubules to ADH, while the polyuria 
which frequently follows protracted renal ischemia (shock, etc) 
or chemical injury (carbon tetrachloride poisoning, etc) as well 
as the clinical state of hyposthenuria, may be referable to specific 
tubular injury, but what segment of the tubule is affected is un 
known More commonly, an increased excretion of water may be 
the result of decreased proximal reabsorption of some solute (glu 
cose in phlonzinized animals) in consequence of which the load of 
water delivered to the distal system exceeds its reabsorptive ca 
pacity Or the agent may block the proximal or distal reabsorp 
tion of sodium, and (directly) by increasing the distal load of 
water or (indirectly) by hemodilution lead to increased water ex 
cretion The first is the mechanism of osmotic diuresis as observed 
experimentally after the administration of hypertonic sodium 
chloride solutions or of such substances as sucrose, mannitol, and 
urea, and clinically in diabetes mellitus where glucosuna reduces 
proximal water reabsorption 

OSMOTIC DIURESIS 

The intricate problems of glomerular tubular balance, the con 
ditions of proximal reabsorption, and the possible limitations in 
distal reabsorption of sodium chloride and water have been dis 
cussed in chapter xi It will suffice to say in summary that any 
urinary solute, if excreted at a sufficient rate, will retard the proxi¬ 
mal and possibly the distal reabsorption of water and accelerate 
the urine flow Although the expression ‘osmotic diuresis’ is mis¬ 
leading, because it is not the osmotic pressure of the final urine 
that is the critical factor in producing diuresis but the osmotic re 
sistance offered to the passive reabsorption of water in the proxi 
mal tubule and thin limb, it would seem advisable to retain it for 
the time being The substances most frequently used to induce 
osmotic diuresis are urea, sucrose, mannitol, sodium sulphate, and 
hypertonic sodium chloride solutions Mannitol and sucrose are 
useful as osmotic diuretics m relieving the edema of the nephrotic 
syndrome but, as pointed out in chapter xxiv in the discussion of 
anuria, there is no evidence that osmotic diuretics are or can be 
useful m anuria or oliguria associated with renal failure, at best 
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they force the excretion of water in the residual functional 
nephrons without significantly promoting the excretion of metabo¬ 
lites or restoring electrolyte and water balance, and there is rarely 
any phj siological warrant for their use In the absence of a route 
for excretion, they present a real danger. 

Acidifying salts such as ammonium chloride, ammonium thio¬ 
sulphate, and calcium chloride apparently act in the ultimate as 
osmotic diuretics, the distal secretion of ammonia entails water 
for the excretion of whatever ammonium salts may be present in 
the urine Whether the secretion of ammonia into the distal tu¬ 
bule urine influences the distal reabsorption of sodium is not de 
termined 

MERCURIAL DIURETICS 
Mercurophylline ( mercuzanthw , mercitpnriti) 
Merallundc sod turn (mercurhy drtn) 

Mersaly l-thcophylhne ( salyrgan , mcrthyl) 

Thiomenn 

Neptal 

All soluble mercurj compounds in doses insufficient to produce 
necrosis accelerate the excretion of sodium and to a lesser extent 
of water Among organic derivatives, which are selected for low 
toxicitj and high natriuretic power, some are more potent than 
others, the diuretic activity apparently being correlated w T ith dif¬ 
ferences in the solubility of the salts 851 It has generally been ac¬ 
cepted that the action of organic mercurial compounds is at¬ 
tributable to their ionization and liberation of mercuric ions, 1 ’®’ 
but such compounds have a very low degree of ionization and in 
some instances are equally active, mol for mol of mercury, with 
inorganic salts in the inhibition of sulfhydryl and other enzjme 
sj stems,*''' and in the in vitro tubular excretion of phenol red 
(Taggart and Forster, pers com ) It seems probable, therefore, 
that their natriuretic action is attributable to the properties of the 
organic complex as such 

Since mercur), like other heavy metals, is known to block sulf¬ 
hydryl groups in enzymes, it might be supposed that this action 
accounts for its effects on the renal tubules However, organic 
mercurials form complexes with other (amide and carboxj 1) 
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groups, and the mechanism of their action in the kidnejs is not 
established BAL (2,3-dimercaptolpropanol), which forms a poorly 
dissociable complex with mercury, accelerates its excretion 778 and 
has been used to good effect in the treatment of mercuric chloride 
poisoning 1285 It also prevents or promptly interrupts the diuresis 
and chloruresis induced m dogs and rabbits by mercupunn and 
mersalyl 582 8,5 800 BAL is apparently without effect on the filtra 
tion rate or renal plasma flow It has a marked but transient anti 
diuretic action in water diuresis, probably by stimulating the 
secretion of ADH 

It has been suggested that the action of mercurial diuretics is 
extrarenal, but there is no convincing evidence that diuresis in 
volves any action other than that on the renal tubules Govaerts 824 
has shown that, once diuresis is induced in a kidney bj novasurol, 
perfusion with normal blood does not check it Mercurials act on 
the isolated kidney 884 and small doses, if injected into the renal 
artery of anesthetized dogs, produce diuresis on the injected side 
and not on the other 99 

The diuretic action of mercurials is augmented by acidifying 
salts, particularly ammonium chloride, and, although acidifying 
salts themselves produce some diuresis, their combination with 
mercurials may involve a synergistic action 937 Bicarbonate, on the 
other hand, depresses the natriuretic action of mercurials It has 
been suggested that both actions are referable to the effects of 
hydrogen ion concentration of the dissociation of mercuric ions 
from the organic compound, but in view of the facts cited above 
this explanation appears to be inadequate If correct, it locates 
the natriuretic action of mercury at a point coincidental with or 
distal to the point of acidification of the urine, 1 e the distal tu 
6ufe 

That mercurial diuresis represents an action on the distal sjs- 
tem has been argued by Duggan and Pitts 881 on the grounds that 
the maximal natriuresis obtainable with mercurh>drin in the dog 
represents about 15 per cent of the filtered sodium load, while 
superimposition of salyrgan diuresis on pttressin natriuresis in 
creases sodium excretion onl> to the level attained by saljrgan 
alone, indicating that both substances act at the same site In 
both dog and man, 18,9 depression of the filtration rate reduces so- 
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dium excretion e\ en during mercurial diuresis, presumabh through 
reducing the distal load by promoting excessi\e proximal reab- 
sorption 

Dicker 1,0 has shown that mersalyl (salyrgan) in optimal ther 
apeutic doses in rats increases the inulm clearance about three¬ 
fold and the diodrast clearance by about 50 per cent Calomel in 
one tenth equivalent dosage of mercury had a similar effect 
Thus, in the rat mercurial diuresis involves both an increase in 
filtration rate and decreased water reabsorption 

But saly rgan does not increase the filtration rate in dogs 
41 or m man, 1 ** ni 1S “ nor does it affect the renal blood fio» 
in the dog and rabbit m an> consistent manner im In these species, 
diuresis is solely a result of reduced sodium (and w ater) reabsorp- 
tion 

Dicker 810 found that mersalyl (salvrgan) in therapeutic doses 
reduced Tmn by about 75 per cent, while calomel had no effect 
Bran, Hilden, and Raaschou * 74 have shown that mersalyl, when 
gi\en to man by constant intravenous infusion, impairs the tu 
bular excretion of both Tm D and Tmp<H> these values being re 
duced by 60 to 75 per cent The splay m the diodrast titration 
curve is greatly widened, so that the diodrast clearance is self 
depressed at plasma concentrations only slightly aboie 1 mg of 
iodine per 100 cc , as compared with 5 to 10 mg of iodine per 100 
cc in the normal subject <\fter single injections the effect is \ery 
rapid and persists for at least 3 hr Since mersalyl is excreted 
rapidly, the authors believe that it is excreted by the tubules and 
that in this process of tubular excretion mercuric 10ns( ) exert 
an inhibitory effect on some enzyme in the transport system 

The depression of Tmp A n m man by mersahl has been con 
firmed bv Berliner, Kennedy, and Hilton, 1,1 while McDonald and 
Miller 1,11 report that mercuzanthin depresses Tmp AH to some 45 
per cent of the control in man, the maximal effect after intra 
venous injection being reached in 60 mm These investigators find 
that, after a 2 cc dose, Tmo is not depressed, but W eston, Gross 
man, Edelman, Escher, Leiter, and Heilman * m report that 2 cc 
doses of mercuzanthin or thiomenn intra\ enously decreased Titig 
by 40 to 80 per cent, whether the mercurial is gnen during or be 
fore Tm G measurement Mercunc chloride, however, does not 
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produce glucosuria in dogs unless the animals show a 4+ albumi¬ 
nuria and marked renal tubular necrosis If the contradiction 
above is resolved m favor of a depressive action on glucose re- 
absorption, it seems likely that the action is insufficient to de¬ 
crease Tma below the normally filtered load 

Paradoxically, Berliner, Kennedy, and Hilton 1,1 have demon¬ 
strated that neither mersalyl nor small doses of mercuric chloride 
depress TmpAH in the dog, despite the fact that in man and dog 
mersalyl has the same inhibitory effect upon sodium reabsorption 
Handley, Telford, and La Forge 401 find that salyrgan and mer- 
curhydrm do not interfere with the tubular transport of PAH or 
glucose in the dog, as judged by Tm values The results indicate a 
significant species difference in the mechanism of tubular excre¬ 
tion in dog and man 

Whether mercurials specifically impede the reabsorption of 
water itself is undetermined, but the fact that mercurial diuresis 
does not reduce the osmotic ceiling in the dog (o 3 M sodium chlo¬ 
ride), despite an increase in urine flow of 300 per cent, 781 argues 
against this belief The obvious effect is upon the reabsorption of 
sodium (and chloride), the concentration of which in the diuretic 
urine in the absence of water diuresis is generally such as to sug¬ 
gest that the salt forces water excretion by its osmotic effect 728 
Under any circumstances, the excretion of sodium chloride, bj 
reducing the sodium content of the plasma, releases water for ex¬ 
cretion The immediate quantitative action of various mercurials 
should therefore be judged in terms of sodium chloride and not 
water excretion 1737 Mercupurin apparently has no effect on phos¬ 
phate excretion 8,7 Overdosage leads to reduction in extracellular 
fluid volume and blood volume and to serious disturbances of the 
electrolyte pattern of the body fluids, sometimes with mild aci¬ 
dosis, but rarely to mercurj poisoning 808 1811 However, some mer¬ 
curial compounds may produce cardiac death in dogs 1737 The tox¬ 
icity of mersalyl and merallunde (mercurhjdrin) for white rats is 
diminished bj proteinuria induced by human albumin adminis¬ 
tration prior to mercurial injection, but enhanced if albumin and 
mercury are given simultaneously. 1 * 38 
Mercurhydrin tagged with Hg 503 * 5 ® 1 when injected intrave¬ 
nously, shows three components in rate of disappearance, the 
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most rapid component represents mechanical mixing in the blood 
vascular s)Stem, the second, relative!} rapid adsorption on cells 
or diffusion into remote compartments and tissues, and the slow 
est component, overall excretion The rate of unnar) excretion 
of this compound is relativel) rapid (halfhfe about 2 hr) ,ws 

The repeated administration of mercurh}drm, merthjl, and 
thiomenn intravenous!} to dogs m doses of o 39 mg Hg per kg 
per da) leads to a reversible reduction of the creatinine clearance 
by the third da) This reduction is interpreted as a toxic effect, 
but progressive deh)dration of the animal b) diuresis is not con 
sidered 80 " 

It is of interest that salyrgan exerts an anticonvulsant action 
against procaine, str>chmne, picrotoxin, cor^mm, and metrazo! 
when given intramuscular!) to guinea pigs (but not in frogs when 
the convulsant drugs are injected into the l)mph sac) The au 
thors suggest that sal) rgan acts, like calcium, to decrease mem 
brane permeabilit) ,,s 

The effects of atropine on the diuretic action of mercurials 1 lt 1 “ 
cannot be resolved without control of the basic variables involved 

XANTHINE DERIVATIVES 

Theobromine and theoph)lhne have long enjojed a -vogue as di 
uretics, especially when coupled with other diuretic measures, 
despite the absence of an) experimental warrant Caffeine is 
rarel) used clinicall) Perhaps it is fair to sa) that their diuretic 
action is subtle and, more frequent!) than not, evasive Cushn) 4,1 
observed that the) have a marked diuretic action in the rabbit, 
a moderate action in man, a very slight action in the dog, and no 
action in the cat—a statement which ma) reflect differences onl) 
in the circumstances of testing rather than in the species tested 
Out of the older literature there emerge onl) a few facts that 
under certain as } et undefinable conditions the) tend to increase 
the filtration rate in the heart lung kidne), the perfused kidnev, 
and in anesthetized and unanesthetized dogs and rabbits, but this 
is not a necessar) condition for diuresis, and diuresis when it oc 
curs is not remarkable for its magnitude or duration •» 1 ** * * ***• 

Ifc IS * titt 171 17M t 10 •»» 

The xanthine derivatives are excitatory to the central nervous 
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system and may modify the secretion of ADH, they have in gen¬ 
eral a vasodilator action but decrease the cerebral blood flow 
they generally increase cardiac output and improve a poor circu¬ 
lation, they seem to have a direct effect upon the renal circula¬ 
tion, but the qualitative nature of this effect is conditioned to some 
extent by the status quo of the kidneys at the time of their ad 
ministration (ch xxii) , and they appear to have a specific effect 
upon sodium reabsorption, but this is probably influenced by 
glomerular tubular balance In view of this multiplicity of action, 
it would be difficult to defend the position that they cause a shift 
of electrolytes from tissues to plasma 

In chapter xiv, theophylline ethy lene diamine and caffeine were 
discussed under the topic of renal vasodilatation, despite the fact 
that m the normal subjects studied by Chasis, Ranges, Goldring, 
and Smith 358 these drugs typically decreased the renal blood flow 
The filtration rate was, however, increased In subjects with 
chronic congestive heart failure, theophylline is reported by 
Escher and her coworkers sos to have the same action as in normal 
subjects except that the initial transient increase in renal plasma 
flow is longer sustained 

Fulton, Van Auken, Parsons, and Davenport,”* and others be 
fore and after them, 1 ”* showed that xanthine derivatives some 
times increase the excretion of chloride, but Newman 1611 was ap¬ 
parently the first to demonstrate that theophylline specifically in¬ 
hibits sodium reabsorption in man This tubular effect has been 
confirmed by Crutchfield and Wood,* 57 Davis and Shock,* 77 and 
Sinclair Smith, Kattus, Genest, and Newman ,,M Davis and 
Shock studied 25 normal subjects before and after the intravenous 
administration of 048 or 096 gm of theophylline ethylene di¬ 
amine The drug consistently increased the filtration rate, most 
markedly within the first 10 to 20 min , the maximal increase 
averaging about 20 per cent The diodrast clearance generally m 
creased immediately after drug administration to about the same 
extent, but tended to return to the control level or below The 
average filtration fraction remained unchanged immediately after 
the drug but increased in later periods The urine flow trebled im¬ 
mediately after injection but gradually returned toward the con 
trol lev el even in those subjects m whom an elevation in filtration 
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rate was maintained. The authors emphasize that the sustained 
diuretic effect is not related to increased sodium excretion but re¬ 
flects a change in tubular reabsorption of water, because of either 
direct action on the tubules or changed neurohypophysial activity. 
Peripheral venous pressure was slightly decreased. 

The average sodium clearance increased approximately three¬ 
fold for 55 to 60 min. after the drug, with no significant change in 
plasma sodium concentration but with increasing urine sodium 
concentration in later periods as diuresis regressed. 

Sinclair-Smith, Kattus, Genest, and Newman ,,0J similarly 
found that aminophylline (0.24 gm. intravenously) increased so¬ 
dium and chlonde excretion, without a change in filtration rate, 
in a patient with chronic congestive heart failure in whom com¬ 
pensation had been partially effected by digitalis. 

Green and his coworkers M * find that aminophylline and, to a 
lesser extent, 1,3-diethyl-8-bromoxanthine increase sodium ex¬ 
cretion, with only small and variable increases in filtration rate, 
although they believe that the intensity of the natriuretic effect 
is proportional to the basal filtration rate; i.e. the higher the 
initial filtration rate the greater the natriuretic effect. 

Theophylline does not interfere with the tubular transport of 
PAH or glucose in the dog.* M 

Theophylline and aminophylline increase the cardiac out- 
put 6U MS1041 with little effect upon mean blood pressure. It is im¬ 
portant to note that, in reference to renal hemodynamics, it is the 
mean blood pressure that is important and not cardiac output, 
which, at a given mean pressure, may have any value without af¬ 
fecting the perfusion of the kidney. 

The natriuretic effect of the xanthine derivatives does not ap¬ 
pear m any instance to be of sufficient duration to be very useful 
clinically, and the decreased water reabsorption (possibly ef¬ 
fected through central inhibition of ADH secretion) is likewise of 
insignificant magnitude, even if increased water excretion per sc 
(1 e. without sodium) would he physiologically effective in re¬ 
lieving edema. 

Formoguanamine has a diuretic and chloruretic effect similar to 
that of the xanthine derivatives. 1159 
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DIGOXIN 

The vise of digitalis and the digitalis glucosides in the treatment of 
chronic congestive heart failure is based primarily upon their ac¬ 
tion on the heart and venous reservoir. Digoxin is, however, chem¬ 
ically related to the adrenal steroid pattern, and it is of some in¬ 
terest to note evidence of a specific depression of tubular reabsorp- 
tion of sodium. A preliminary report of Earle, Farber, Alexander, 
and Eichna (pers. com.) se4 indicates that the intravenous ad¬ 
ministration of digoxin to 10 patients with congestive failure in¬ 
creased the excretion of water, sodium, and chloride within 15 to 
60 min. Sodium excretion increased as much as 0.400 mEq/min. 
In 5 patients the diuresis was associated with slight increases in 
filtration rate (60 to 72, 65 to 77, 90 to 100, 75 to 88, and 50 to 67 
cc.) but in 5 there was no significant change in this function (41 to 
45, 65 to 70, 65 to 64, 92 to 94, and 54 to 54 cc.). (In 1 hypo- 
natremic patient [plasma sodium of 114 mEq/liter] an increase in 
filtration rate from 89 to 112 cc. was not accompanied by increased 
sodium excretion.) In each instance, the diuresis was associated 
with a fall in venous pressure (brachial or femoral), although in 3 
instances the control pressures were in the normal range. In 2 pa¬ 
tients in whom the measurement was made, the femoral venous 
pressure declined from 74 to 38 and from 61 to —5 mm. water. 
Cardiac output was measured in 5 of these experiments and was 
increased by digoxin in each. However, sodium excretion appeared 
to increase before any significant change in cardiac output was 
observed in 4 of the 5 studies. 

Intravenous digoxin also increased sodium excretion in 5 pa¬ 
tients with edema and ascites due to cirrhosis of the liver, and in 
a patients with nephrotic edema, but the absolute increases were 
considerably less than in patients with congestive failure. In 2 in 
whom the control rate of sodium excretion was zero, this value 
after digoxin increased to 0.002 mEq/min. but, in the average, 
sodium excretion in this group of 7 patients increased from con¬ 
trol values of 0.016 to 0.050 mEq/min. 

Intravenous digoxin was without natriuretic effect in 5 of 21 
normal subjects examined. In 2 subjects there was a questionable 
increase, while in 14 sodium excretion increased in the average 
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from Oct'S to o 114 mEq/min Renal function was measured in 
4 of these and showed no change after digoxin (filtration rate 94 
cc before and 95 cc after digoxin) Femoral \enous pressure did 
not change significantly* in the 1 studies during which it was 
measured (60 to 57 and 130 to 116) 

It appears that digoxin may induce diuresis in heart failure by 
several mechanisms, perhaps the most important being a reduc 
tion in renal \ enous pressure The drug may cause diuresis w # ith 
out any change in filtration or renal plasma flow and before there 
is a change in cardiac output The data abo\ e suggest that it mai 
also have a direct tubular effect on the reabsorption of sodium, 
but this effect appears to be too small to be of practical im 
portance 
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Abdominal compression, 442 
Acacia, 229 

Acetate, effect on PAH Tm, 164 
p Acetylaminohippuric acid, 154, 162, 
201 

Acetylated sulfonamides, 213 
Acetylcholine, antidiuretic action, 279 
N-Acetyl L-tyrosine, 105 
Acid-base equilibria, principles, 374 
Acidification, of urine in Amphibia, 26 
of urine in mammals, 378 
Acidosis, ammonia excretion, 402 
electrolyte changes, 404 
phosphate excretion, it8 
physiological responds, 404 
ACTH, 357 
Acute nephritis, 836 
Aro\e xertfA fcnVmt, 732 
Addison’s disease, 353 
renal function, 370 
Adenylic acid derivatives, 451 
ADH, 241, 246, 253 
action of, 256 

effect on electrolyte excretion, 262 
effect on renal blood flow, 431 
fate of in body, 264 
normal rate of secretion, 257 
and osmotic diuresis, 258 
secretion, regulation of, 270 
and sodium balance, 366 
Adrenal cortex, 353 
Adrenal insufficiency, experimental, 
361 

Adrenalin, 424 

action after sympathectomy, 739 
action on renal blood vessels, 596 
Adrenocorticotropic hormone, see 
ACTH 

Afferent resistance, 589 


Aglomerular fish, comparative data, 373 
urine composition, 36 
Aglomerular kidney, anatomy, 35 
excretion of creatine, 113 
creatinine, 183 
glucose, 82 
phenol red, 179 
phosphate, 114 
DL-AJanine, 106 

Albumin, plasma, excretion, see pro¬ 
teins 

serum, effect on renal circulation, 
456 

Alcohol, effect on water diuresis, 280 
Alkalosis, 633 
Allantoin, 203 
Altitude, simulated, 441 
Ammo aci&s, 104 
basal excretion, 109 
effect on phosphate excretion, 117 
p Ammobenzoic acid, 170, 215 
excretion by chicken, 201 
m PAH, 170 
m Ammohippuric acid, 134 
p Ammohippuric acid, see PAH 
p-Aminomandehc acid, 215 
p-Aminophenacetunc acid, 154 
p-Aminophenylsuccinic acid, 196 
Ammonia, excretion in Amphibia, 27 
excretion in mammals, 399 
Ammonium chloride acidosis, 404 
Ammonium thiosulfate, 407 
Amphibia, 323 

Amphibian water balance principle of 
pituitary, 234 
Amjgdalin, 99 
Androgens, 465 
Anemia, chronic, 644 
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Anesthesia, 444 

effect on water diuresis, 282 
Angiotonin, 429 
Anoxia, 441 
Anterior pituitary, 462 

role in diabetes rn'ipidns, 287 
role in water diuresis, 287 
Antidmresis n exerci*e, 277 
Antidiuretic factors, in blood, 267 
in urine, 264 

Antidiuretic hormone, set ADH 
Annrja, see Acute renal failure 
treatment of, 810 
Anunc kidney, pathology, 806 
Arbntm, 99 
L-Arginme, 106 

Artenal venous anastomoses, 14, 830 
Arterial-tenons difference, 59 
Atabrine, 20O 
Athrocsto is *20 
A tropin 432 

Azotemia, in glomerulonephritis, 831 
of non renal origin, 752 

Bacitracin, 216 
Back diffusion, 76 

in acute renal failure, 785 
of area, 69, 73 
BAL, 756, 891 
Bicarbonate, 387 

admini'tration m shock, henatum, 

«c, 397 

Bicarbonate alkalosis, 63J 
Bichromate, 738 
Bilateral cortical necroMs 643 
Birds, tee alto Unc acid and Chicken 
glomerular deselopment, 134 
Blood flow, renal methods of measure¬ 
ment, 412 
Bodi water, 295 

Buffer, urine, importance in acid ex 
crction, 382 
Burns, 767 

Butler Albright svndromc, 88$ 

Caffeine, 452, 

Calcium, 349 

Capillary circulation, control, 788 


Carbon dioxide tension of urine, 397 
Carbon tetrachloride anuria, 781 
Carbonic anhrdrase, 384 
Cardiac tamponade, 686 
Car inamide, 198 
Caronaimde, see Carmamide 
Ca«em hjdrolysate, ammo acid excre¬ 
tion, 109 

Casts, hematogenous, formation, 791 
Cat, 538 
Chicken, 525 

excretion of creatinine, 183 
phenol red, 181 
other substances, 201 
uric acid, 131 
Chlorate, 352 

Chloride, specific physiological func¬ 
tion, 123, 305 

Chloride distribution, bistochemical 
studies, 343 

Chloride reabsorption, in Amphibia, 22 
m mammals, 31 
Chloroqume, 217 

Chloruresis and antidiuretic hormone, 
262 

Chorionic gonatrophm, 217 
Ciba 596S, 453 
Cinchona alkaloids, 431 
Cinchonimc acid, 217 
Cinnamoylglj one, 154 
Circulation, control of renal, 411 
Citric acid, 217 

Clearance methods, renal, connant in¬ 
fusion (IV) technique, 62 
limitations in disease, 605 
principles, 39, 61, 62 
•ources of error, 57, 168 
Clearance variations, statistical, S4& 
Coarctation of the aorta, 630 
Cold pressor test, 438 
Comparative physiology of the kidnev, 
520 

Comparative renal function, in mam 
mal*, 568 

Compartments, fluid, 295 
Competition in tubular transport, 202 
Conditioned refl-xes and water diuresi*, 
286 
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Congenital cyanotic heart disease, 649 
Congestive heart failure, 663 
corticoid excretion, 689 
diurnal variations in renal function, 
684 

induction of diuresis, 689 
renal ischemia, 670 
renal resistances, 599 
renal venous pres«ure, 677 
sodium retention, 668 
spontaneous diuresis, 685 
tubular function, 681 
Creatine, 109 

and amino acid reabsorption, 105 
Creatinine, 182 

‘Creatinine,’ endogenous chromogen, 
190 

Crush syndrome, 802, see also Acute 
renal failure, Anunc kidney, 
Casts formation, Hemoglobin, 
Myohemoglobin 

Cultures, in vitro, of renal tubules, 37 
Cushing’s syndrome, 373, 660 
Cyanided kidney, 344 

Dalmatian coach hound, uric acid ex¬ 
cretion, 127 

DCA, antagonism to MXfl, 365 

effects in normal animals, 357, 363 
effects on sodium rcabsorption, 365 
Dead space errors, 61 
Dehyration, 623 

Delay time in water diuresis, 273 
Denervation, renal, effects on circula¬ 
tion, 415, 426 

and water diuresis, 276, 416, 739 
‘Denervation diuresis,’ 416 
Desert, life in the, 625 
Desert mammals, 525 
Desoxycorticosterone acetate, see DCA 
Development of fetal kidney, 492 
Diabetes insipidus, 241 
clinical, 291 
experimental, 246 
clearances, 259 

role of anterior pituitary, etc , 287 
Diabetes mellitu*, 646 
Diabetic coma, 649 


Diarrhea, 646 
Diathermy, 444 
Dibenamine, 452 

Diet, effects on renal function, 470 
low-salt rice, 741 

Diffusion coefficients of mulm, etc , 51 
Digestive secretions, 296 
Digoxin, 897 
Diodonc, see Diodrast 
Diodrast, 148, 154, 201 
extraction ratio, 160 
Diodrast clearances m man, statistics, 
544 

Diodrast Tm, 152 
m man, statistics, 544 
and senescence, 555 
Distal tubule, anatomy, 8 
acidification of urine, 26 
ammonia secretion, 27 
facultative water reabsorption, 244 
hydrogen ion exchange, 380 
osmotic concentration, 26 
phosphate reab'orption, 25 
sodium reabsorption, 22, 30, 321 
Diuresis, water, 275, see also ADH 
and conditioned reflexes, 277, 286 
continuous, 341 
&e\ay time, 273 
effect of drugs, 279 
humoral control, 275 
in denervated kidney, 276, 416, 739 
inhibition by morphine, 283 
inhibition by pain, etc , 277 
and renal blood flow, 53, 421 
Diuretics, 888 

Diurnal variations in renal function, 

339 

m congestive heart failure, 684 

Dog, 539 

Donnan equilibrium, 306 
Dulcttol, see Hexitols 

Eclampsia, 637 
Efferent resistance, net, 588 
Elasmobranchn, 522 
Electrolytes, intracellular and extra¬ 
cellular, 300 
plasma, 302 



IVD£\ 


IO44 

Ephedrine, 427 
Equilibration time, 61 
Ergosterol intoxication, 659 
Esrrogenj, 467 

and vitamin C excretion, 137 
Exercise, 43? 
effect of, 277 

effect on sodium excretion, 338 
Extracellular fluid, 296 

expansion of, effect on reral func¬ 
tion, 314, 331 
mixing of, 38 
properties 295 
Extraction ratio, 46 

of diodrast in dog 149 
of PAH, after adrenalin, 818 
dnnng abdominal compression, 

during antidiuresis, 819 
during *yncop-, 819 
in aonru, 823 

in congest!!e heart failure, 825 
in es-enual hj-pertennon, 818 
in glomerulonephritis 840 
m normal subjects, 160 
m shock, 822 

Extraction ratios, anomalous, 489 

Ferritin see also VDM 
antidrareuc action, 281 
Fcrrocyamde, 207 
Fetal kidney, 492 
Filtration, nature of, 57, 575 
Filtration prepare, 579 
equilibrium, 577 

Filtration rate mea.nrement of, 39, 47 
and scne'ence, 555 
and water diuresi*, 53 
Fishes, bonv, 520 
Fluid compartments 295 
Focal glomerulonephritis, 658 
Fright 43 6 

Frog comparative data 573 
excretion of phenol red, 181 
of creattmne, 183 
glomemlar actiwty, 523 
glucose reibsosptun, 97 


Frocto.a«s, 206 
Fructose, 103 

Galactose, 104 
Gelatin, 228 

Glom-nilai actmty, 88, 91, 485 
Glomerular counts, 566 
Glomerular deselopment m infancy, 
492 

Glomerular dynamics, 589 
Glomerular filtrate, compo mon of, in 
Amphibia, 20 
in mammals, 27 

Glomerular tubular balance, 460, 483 
Glomerular volume, 569 
Glomeruli, anatomy, 3 
development, 510 
Glomerulonephritis 836 
azotcnua, 83O 

Glucose reabsorption, in Amphibia, 23 
in frog, 97 
in mammal*, 29 
kinetics, 89 

Glucose Tm, in essential hvpertensioo, 
720 

m infancy, 513 
m normal mbjects, 91, 718 
m the dog, 83 
Glucosnru, 96 
Glucuronic acid, 201 
L-Gluumic acid, 106 
Glycerol, 206 
Glycine, io 3 

Gout, uric acid excretion, 128 
Guanidine, 201 
Guamdoacetic acid, 113 

Heart failure, see Congestive heart 
failure 

Hematemesu, 645 
Hematuria, 791 
Hemthypertrophj, 480 
Hemodynamic*, renal, 573 

Hemoglobin, 22 s 
cast format on 791 
non toxicity of, 795 
Hemoglobinuria, see Hemoglobin 
Hemorrhagic «hock, 762 
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Heparin, 230 
Hepatic cirrhosis, 651 
Hepatorenal syndrome, 653 
Hepatorenal vasotropic factors, 788, 
see also VDM and VEM 
Hexamethylenetetramine, 209 
Hexitols, 204 
Hippuran, 148, 156 
Hippuric acid, 153, 201 
synthesis by kidneys, 155 
Histamine, 438 
Histidine, 108 
i.-Histidmc, 104 
Hot environment, 443 
Hydrazino phthalazine HC 1 , Cibia 
5968. 453 

Hydrogen ion exchange, 380 
mechani‘m, 406 
Hydronephrosis, 881, 885 
/?-Hydroxy butyric acid, 113 
m Hydroxyhtppunc acid, 154 
o-Hydroxyhippuric acid, 154 
p Hydroxyhippuric acid, 154 
Hyperemia, pyrexial, 446 
renal resistances, 591 
Hypertensin, 429 
Hypertension, essential, 694 
bilateral renal ir.jv.ry, 913 
effects of low-salt rice diet, 741 
effects of sympathectomy, 736 
effect of unilateral nephrectomy, 740 
glucose Tm, 721 

humoral factors in renal ischemia, 

743 

pathogenesis, 745 
renal function, 708 
renal oxygen consumption, 733 
renal resistances, 590 
spinal anesthesia and renal function, 
734 

therapy, 750 
and urologic di'ease, 701 
Hypertension, experimental, 698 
renal function, 702 
Hypertensive disease, see Hypertension, 
essential 

Hyperthyroidism, 659 
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Hypertrophy, renal, compensatory, 476 
and high protein diet, 473 
Hypophysectomy, effects on phosphate 
excretion, 120 

effects on renal function, 461 
Hypophysis, anatomy, 246 
Hyposthenuria, 868 
Hypoxia, 441 

In vitro cultures of renal tubules, 37 
Infancy, renal function, 492 
Insulin, 230 

Intercapillary glomerulosclerosis, 646 
Intercapillary space, 4 
Interstitial fluid, 296 
mixing of, 298 
Interstitial pressure, 580 
Intravenous pyelography absence of 
renal shadow, 885 
Inulin, properties of, 49 
Inulm clearance, 47 
reliability, 231 
Iodide, 352 

o-Iodohippunc acid, 157, see also Hip¬ 
puran 

Iopax, 154, 195 
Ischemia, renal, effects of, 759 
Uohydcic. principle, 379 
dl I'oleucine, 108 
Isomannide, see Hexitols 
Isorrheic concentration, 341 
Isosthenuria, 868 
Isuprel, 430 

Juxtaglomerular apparatus, 8 
Juxtamedullary circulation, anatomy 

duersion, 814, 826 

fetal development, 507, 834 

Kidney weight and bodv size, 562 
ard surface area, 496 
Kidney, ‘When is it not a Kidnci ? ’ 
886 

Lactic acid, 113 

Line threshold, 95 

Locke’s solution, effects of, 3x5 
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PAH Tin {Cant’d ) 
self-depression of, 165 
stability, m man, 166 
Pain, 437 

Panhypopituitarism, 660 
Pantothenic acid, 141 
Paredrinol, 428 

Pathology of anuric kidney, 806 
Penicillin, 196 
Penatentis nodosa, 657 
Peripheral venous congestion, effect on 
renal function, 686 
Pharmacodynamic agents, action of, 411 
Phenol, 201 
Phenol glucoronide, 199 
Phenol red, 171 

-diodrast clearance ratio, 154 
excretion by aglomerular fish, frog, 
etc, 179 

Phenolsulphunc ester, 199 201 
dl Phenylalanine, 108 
Phenylglucuronide, 201 
Phlorizin and amino acid excretion, 
106 

and creatine excretion, 112 
renal action, 99, 236 
Phlorizin glucuresis, 97 

and phosphate excretion, 116 
Phosphate, 113 

and amino acid excretion, 116 
reabsorption, in Amphibia, 25 
Pinocytosis, 221 
Piperidine, 201 
Pitocin, 25 

Pitressin, see also ADH 

alleged diuretic action, 284 
effect on renal blood flow, 431 
Pituitary hormones, 253 
action on kidney, 258 
Pituitrm, 254 

Plasma, effect on renal blood flow, 458 
electrolyte composition, 301 
Plasma concentration, true mean value 
m clearance calculation, 42 
Plasma volume, 296 
Polkissen, 9 
Polj cystic disease, 878 
Polyethylene glycols, 206 
Postabortion anuria, 784 
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Posterior lobe, pituitary, see Neurohy- 
pophysis 

Posterior pituitary hormones, 253 
Postural proteinuria, 655 
Potassium, 348 
intoxication, 630 
Precapillary sphincters, 789 
Pre-eclampsia and eclampsia, 637 
Pregnancy, 636 

and hypertension, 741 
Prehydration, effect on saline diuresis, 
335 

Prostatism, 660 
Protein, excretion, 219 

in nephrotic syndrome, 862 
and renal hypertrophy, 473 
Protein binding, 144 
PAH, 167 
phenol red, I72 

Proteins, glomerular excretion, 26 
plasma, 227 

Proteinuria, in glomerulonephritis, 8 5 S 
after renal ischemia, 654 
Proximal tubule, 7 

glucose reabsorption, 23, 28 
isosmotic urine, 22, 31, 306 
and obligatory water reabsorption, 
242 

and osmotic diuresis, 306 
phlorizin, action on, 25, 28 
sodium and water reabsorption, 306, 
310 

sodium reabsorption, 22, 31 
tubular excretion in aglomerular fish, 
35 

urea excretion by, tn frog, 26 
Psychoneurotic conflict, 437 
Ptosis, 880 
Pyelonephritis, 872 
Pyelovenous back flow, 14, 491, 882 
Pyrexial hyperemia, 446 
Pyridine hepatic injury, 662 
2 Pyndone r-acetic acid, 154, 196 

Qumacrine, 217 

Quinine, see also Cinchona alkaloids, 
217 

Rabbit, 535 
Raffinose, 104 
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Lvmph, renal, 169 
Lymphatic vessels, renal, 17 
l Lv*ine, 108 

Macula den*a, 8 
Magnesium, 349 
Malignant nephrosclerosis, 742 
Man, norma] statistics, 543 
Mannitol, tee Hexitols 
March hemoglobinuria, 6^7 
Manoe mammals, 527 
Marngi nephritis, 867 
Mednlla-y circulation ‘ignifican e, 831 
Mclaoophore principle o f pituitary, 
*j4 

Mercurial diuretics, 890 
Mercury, toxic action, 7j~ 
Mesangium, a 

Mesonephros comparative fsrction, 
572 

Meartenoles, 789 
dl Methionine, 108 
Methvl glucuronide, 201 
Methylguanidmc 201 
N Methvl 1. tvrosint 104 
V Methylmcotin^mde 200 

Multiple myeloma, 6^7 
Mrohemoglobin 228 
cast formation, 793 
Myxedema, 6 a 9 

Natxvuesii and anudimetic. hormone, 
262 

Neoiopax, 195 

Nephrectomv, unilateral, 477 
Nephrosis, 8 a 6 
Nephrotic *vndrocie, 856 
Nephrotosis and essential hypertension, 
741 

Nephrotoxic agents, 754 
Neurogenic hyperten ion, 435 
Neurogenic renal vasoconstriction, 422 
Neurohvpophv*i' role of, 246 
Neutral red, 182 
Nicotinamide, 201 
Nicotin*, 217 

antid uretic action, 279 
Nitrat-, 3 a 2 
Nitri e, sodium, 434 
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Norma! statistics, in man, 544 
Ncssbaum experiment, 34 

Oil of jumper, 419 
Oliguria, phvsio'ogical, 623, tee also 
Acute renal failure 
Ornithunc acid, 201 
Orthostatic hypoten'ion, 432 
Osmojc diuresis, 613, 8S9 

and antidiurctic hormone, 238 
and dinal sodium reabsorpuon, 325 
and electrolj te excretion, 308 
Onnotic presrore, maximal value in 
tuine, 135, 615 6- , 0 
of plasma, 302 
and ADH, 270 
of tubular urine, 31 
Om>o'ic wort, renal, 6’i 
OiTgen consumption, renal, 481 
in essential hvpertcn ion, 733 
Oxytocic pnnejele, pituitary, 2 a 4 

PAH, p-4mtncbenzoic acid, 154 
clearance in man, 544 
clinical u«e, 158 
conjugation, m body, 158 
in kidney, 168 
extraction ratio, 160 
after -drenalir, 818 
dunng abdominal compress on, 
8 3a 

ta congestive beart (atlote, 
in dime«is and «ntiduresis, S19 
>n dogs, 764, 829 
m es ential hypertension, 70S, 
818 

m glomerulonephritis, S40 

in infancy, 311 

in man normal values 160 

in oliguna, 823 

jn rabbits, 827 

in •hock, 764, S22 

in syncope, 819 

vasomotor disturbances m use o r , 159 
volume of distribution, 168 
PAH Tm, 164 
acetate, e c., effect on, 164 
in cat, j6 a 

in man, normal statistics, 544 
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PAH Tm {Cant'd ) 
self-depression of, 165 
stability, in man, 166 
Pain, 4.37 

Panhypopituitarism, 660 
Pantothenic acid, 141 
Paredrinol, 428 

Pathology of anunc kidney, 806 
Penicillin, 196 
Periatentis nodosa, 657 
Peripheral venous congestion effect on 
renal function, 686 
Pharmacodynamic agents, action of, 411 
Phenol, 201 
Phenol glucoromde, 199 
Phenol red, 171 

-diodrast clearance ratio 154 
excretion by aglomerular fish, frog 
etc, 179 

Phenolsulphuric ester, 199 201 
dl Phenylalanine 108 
Phenylglucuronide, 201 
Phlorizin and ammo acid excretion, 
106 

and creatine excretion, XI2 
renal action, 99, 236 
Phlorizin glucuresis, 97 
jvd phosphate ezeret&% lib 
Phosphate, 113 

and amino acid excretion 116 
reabsorption, m Amphibia, 25 
Pinocytosis, 221 
Piperidine, 201 
Pitocin, 25 

Pitressm, see also ADH 

alleged diuretic action, 284 
effect on renal blood flow, 431 
Pituitary hormones, 
action on kidney, 258 
Pituitnn, 254 

Plasma, effect on renal blood flow, 458 
electrolyte composition, 301 
Plasma concentration, true mean value 
m clearance calculation, 42 
Plasma volume, 296 
Polkissen, 9 
Polycj Stic disease, 878 
Polyethylene glycols, 206 
Postabortion anuria, 784 
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Posterior lobe, pituitary, see Neurohy¬ 
pophysis 

Posterior pituitary hormones, 253 
Postural proteinuria, 655 
Pota'sium, 348 
intoxication, 63O 
Precapillary sphincters, 789 
Pre eclampsia and eclampsia, 637 
Pregnancy, 636 

and hypertension, 741 
Prehydration, effect on saline diuresis, 
33S 

Prostatism, 660 
Protein excretion 219 

in nephrotic syndrome, 862 
and renal hypertrophy, 473 
Protein binding, 144 
PAH, 167 
phenol red, 172 

Proteins, glomerular excretion, 26 
plasma, 227 

Proteinuria, tn glomerulonephritis, 855 
after renal ischemia, 654 
Proximal tubule, 7 

glucose reabsorption, 23, 28 
isosmotic urine, 22, 31, 306 
and obligatory water reabsorption, 
342 

and osmotic diuresis 306 
phlorizin, action on, 25, 28 
sodium and water reabsorption, 306, 
310 

sodium reabsorption, 22 31 
tubular excretion in aglomerular fish, 
35 

urea excretion by in frog, 26 
Psjchoneurotic conflict, 437 
Ptosis, S80 
Pyelonephritis, 872 
Pyelovenous back flow, 14, 491, 882 
Pyrexia} hyperemia, 446 
Pyridine hepatic injury, 662 
2 Pyridone-1-acetic acid, 154, 196 
Qumacnne, 217 

Quinine, see also Cinchona alkaloids, 
217 

Rabbit, 53s 
Raffinose, 104 
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Rat, 5 Z 9 

Reabsorptire Tm, see Glucose 
Red cells, penetration br diodrasr, 1 JO 
penetration bj hipparic acid derrra- 
n»es, 154, 157, 163 
Reflex annria, "84 
Rena! Wood flo* calculation, 164 
Renal circulation, control, 411 
Renal diabetes, SSo 
Renal fraction, >>l 
Renal hyperemia, in e«*ential hvper- 
ten*ion, 735 
Renal lvtnph 169 

Renal plxjna flow, total, rea urement, 

46 

effectire, measurement, 16s 
total 14;, 163 
and senescence, 3 5 j 
R enal portal system ig, 34 572 
Renal reene, 8 5 2 
Renal resrtances, calculation, 583 
in conge-tive heart failure, 599 
in 1 chemia and hyperemia, 591 
normal values, 589 
Renal vercus prenure, m cong-stive 
heart failure 677 
normal 581 
Renin, 698 

effect on renal blood flow, 428 
Reptile*. 524, tee aim Uric acid 
Resistance, tee Renal resi*tances 

Salmn 99 
Salicylic acid, 21; 

Saline, tee elm Locke’s solution 
effect on filtration rate, 331 
diuresis 303 

Salt and water balance, 33 1 
in infancy, 514 
primary disturbances of, 613 
Salt deficiency, 630 
Santoqnme, 217 
Seal, tee Manre mammals 
Self d-pres ion of clearance, 147 
Senescence, Jj2 

70 per cent ellipse, calculation, 547 
Sex difference*, 550 
Shock, tee Acute renal failure 


Shock (C©«fV ) 
bum 766 
hemorrhagic, 762 
tourniquet, 766 
traumatic, 768 
Sickle cell anemia, 651 
Shiodan, 196 
Sodium, 304 

distal reabsorpnon, 311, 321 
proximal reab'o'ption, 306 
retention »n congetne heart failure, 
668 

Sodium chloride intoxication, 629 
Sorbitol, tee Hexitols 
Specific grant}, maxima], 619 
of unne and *enescence, 554 
Spinal aresthesia, effects in congestive 
heart failure, 687 
effects its e«cntnl hyperten*)oi, 734 
effects on renal circulation, 415 
Strcptom} cm, 216 
Strontium, 349 
Sumose, 1 02 

Sulfanilamide, effects on acidification 
of urine, 384, tee elm Sulfon¬ 
amides 
Sulfate, 121 

Sulfathiazole anuria, 7S0 
Sulfonamide anuna, 780 
Sulfonamide*, 21O 
acet) lated, 213 
Surface area, calculation, 562 
correction in run, 543 
in infancy, 495 

Sympathectomy, action of adrcnalm 
after, 739 

effects m e^ntia! hyperten«ion, 736 
unilateral, and adrenalin, 426 
Syphilitic nephrosis, 871 

Tartaric acid, 757 
Tes osterone, 465 
Tetraethj lammomum, 200 
action o f , 454 
Tetrathionate, 759 
Theophylline, 452, 895 
Thin segment, 7 
function, 245, 311 
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Thiocyanate, 352 
Thiosulfate, 207 
Thiourea(s), 210 
DL-Threonine, 108 
Thyroid, 464 

and water diuresis, 288 
Titration curve, in glucose reabsorption, 
88 

in PAH excretion, 147, 166 
Tom-Facom syndrome, 885 
Tourniquet shock, 766 
Transfusion reactions, 793, see also 
Acute renal failure 
Traumatic injuries, 768 
Trophic factors, in renal function, 461 
Tryptophane, 108 
Tubular competition, 177, 202 
Tubular excretion, 195-201, 234, see 
also Acetylated sulfonamides, Di 
odrast, Hippuric acid derivatives, 

PAH 

creatine, 143 
creatinine, 143 
kinetics, 178 
phenol red, 143 
principles, 144 
urea, 26, 143 
uric acid, 144 
Tubular perfusate, 147 
Tubular perfusion, 488 
Tubular reabsorption, active, Fi 142 
principles, 83 

Tubular reabsorption, passive, see Urea, 
Hexamethylenetetramine 
Tubular storage, 150 
Tubular transport, competition in, 
146, 202 

effect of acetate, etc., 164 
maximal rate, 146 
Tubules, in vttro cultures, 37 
permeability, 194 
Tyrosine, 104 

Unilateral nephrectomy, 740 

in essential hypertension, 701, 740 
Uranium, 754 
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Urea, comparative physiology, 79, 143 
back diffusion, 69, 73 
tubular excretion m frog, 26 
Urea clearance, 63 
clinical usefulness, 78 
in dog, 79 

in glomerulonephritis, 850 
in infancy, 498 
plasma clearance, 68 
and senescence, 552 
Uremia, 854 
Uric acid, 1 z6 
Uricosuric agents, 135 
Urine acidity, in shock, 397 
Urobilin, 199 
Uroselectan, see lopax 

DL-Valine, 108 
Vasa recta, 11, 832 
Vasodilatation, renal, 446 
VDM, see also Ferritin 
antidiuretic action, 281 
and VEM, m congestive heart fail¬ 
ure, 688 

in essential hypertension, 745 
in experimental hypertension, 

699 

in shock, 788 

Venous pressure, renal, 581 
Venular resistance, 586 
Vitamin A, trophic action, 467 
Vitamin C, 136 
Vitamin D, deficiency, 885 
effects on phosphate Tm, 119 
Vitamins, B, D, and E, 469 

Water, body, 295 
excretion, 241 
intoxication, 635 
reabsorption, 242, 306, 321 
requirement for nitrogen excretion, 
I3S 

retention and sodium balance, 337 
Weil’s disease, 658 

Xanthine derivatives, 894 
Xylose, 101 



